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Superfund Chemical Data Matrix (SCDM) 

The Superfund Chemical Data Matrix (SCDM) is a source for factor values and benchmark 
values applied when evaluating potential National Priorities List (NPL) sites using the Hazard 
Ranking System (HRS). Factor values are part of the HRS mathematical equation for 
determining the relative threat posed by a hazardous waste site and reflect hazardous 
substance characteristics, such as toxicity and persistence in the environment, substance 
mobility, and potential for bioaccumulation. Benchmarks are environment- or health-based 
substance concentration limits developed by or used in other EPA regulatory programs. SCDM 
contains HRS factor values and benchmark values for hazardous substances that are 
frequently found at sites evaluated using the HRS, as well as the physical, chemical, and 
radiological data used to calculate those values. The accompanying SCDM Methodology 
report describes how data are selected or calculated for inclusion in SCDM and how SCDM 
data, HRS factor values, and benchmarks are presented in formatted printouts. 

On January 28, 2004, EPA released an updated SCDM with many revisions to the HRS factor 
values and, benchmarks. These revisions were necessary both because of updates in the 
SCDM procedures used to assign HRS factor values and benchmarks and because of revisions 
to pertinent standards and criteria for individual hazardous substances and their associated 
characteristics. 

Disclaimer 

The Superfund Chemical Data Matrix (SCDM) is a database containing factor values 
and benchmark values used for applying the Hazard Ranking System (HRS) [40 CFR 
Part 300 Appendix A, 55 FR 51583] to evaluate potential National Priorities List (NPL) 
sites. The physical, chemical, toxicological, and radiological parameters used to 
calculate the factor values and benchmarks contained in SCDM are obtained from 
references listed in Chapters 2 and 3 of the SCDM Methodology. The references and 
the data extracted from them were selected to meet specific HRS requirements and 
conditions which may not be applicable or representative for other uses. In addition, 
the parameter values are updated only on an "as needed" basis. As a screening tool, 

, the HRS and SCDM are used for quickly assessing sites at the screening stage and 
data used to perform this task may not be applicable for other site specific purposes. 

The parameter values in SCDM should be used for HRS and NPL purposes only. 
''''''~»>ili.~~N, N~N~~;:;~;;~%"-",-",-",-"",,,,,,,,,~ 

You will need Adobe Acrobat Reader to view some of the files on this page. 
EPA's PDF page to learn more about PDF, and for a link to the free Acrobat 

Reader. 
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Page BI-3 28 Jan 2004 

SCDM Data Version: 112712004 

HAZARD RANKING SYSTEM 

Hazardous Substance Factor Values 

Ground Water Mobility Bioaccumulation 

L' 'd N L' 'd Persistence F d Ch . E . 
IqUi on- IqUi 00 am nVlronment Air Gas Air Gas 

Ecotoxicity 

Substance Name CAS Number Toxicity Karst Non-Karst Karst Non-Karst River Lake Fresh Salt Fresh Salt Fresh Salt MigrationMobility Gas Part 

Carbon disulfide 000075-15-0 10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 0.4000 0.4000 500.0 500.0 500.0 500.0 100 10* 17 1.0000 Yes No 

Carbon tetrachloride 000056-23-5 1000 1.00E+00 1.00E+00 1.00E+00 1.00E+00 0.4000 1.0000 50.0 50.0 500.0· 500.0· 100 10* 17 1.0000 Yes No 

Cesium 007440-46-2 o 1.00E+00 1.00E-02 1.00E+00 1.00E-02 1.0000 1.0000 5.0* 50.0* 5.0· 50.0· o o No Yes 

Chlordane 000057-74-9 10000 1.00E+00 1.00E-02 2.00E-03 2.00E-05 1.0000 1.0000 5000.0* 5000.0* 50000.0 5000.0* 10000 10000 6 0.0020 Yes Yes 

Chlordane, alpha- 005103-71-9 10000* 1.00E+00 1.00E-02 2.00E-03 2.00E-05 1.0000 1.0000 50000.0* 50000.0* 50000.0* 50000.0* 10000 10000 II * 0.0200* Yes· Yes 

O' Chlordane, gama- 005566-34-7 10000* 1.00E+00 1.00E-02 2.00E-03 2.00E-05 1.0000 1.0000 50000.0 50000.0 50000.0* 50000.0* 0* 0* 6* 0.0020· Yes* Yes 

o 
Ca.) 
o 
.~ 

N 

Chlorobenzene 000 I 08-90-7 100 1.00E+00 1.00E+00 1.00E+00 1.00E+00 0.0007 0.0700 50.0 50.0 5000.0* 5000.0* 10000· 100 

Chloroform 000067-66-3 100 1.00E+00 1.00E+00 1.00E+00 1.00E+00 0.4000 1.0000 5.0 5.0 500.0· 500.0* 100* 10 

Chromium 007440-47-3 10000 1.00E+00 1.00E-02 1.00E+00 1.00E-02 1.0000 1.0000 500.0* 500.0 500.0* 500.0 10000· 100 

Chromium(III) 016065-83-1 1.00E+00 1.00E-04 1.00E+00 1.00E-04 1.0000 1.0000 500.0 500.0 500.0 500.0 100· 100* 

Chromium(VI) 018540-29-9 10000 1.00E+00 1.00E-02 1.00E+00 1.00E-02 1.0000 1.0000 5.0 500.0 5.0 500.0 100 100 

Chrysene 000218-01-9 10 1.00E+00 1.00E-04* 2.00E-05 2.00E-09* 1.0000 1.0000 5.0* 5.0* 5000.0 500.0 1000 1000 

Cobalt 007440-48-4 10* 1.00E+00 1.00E-02 1.00E+00 1.00E-02 1.0000 1.0000 5000.0· 5000.0* 5000.0 5000.0 o o 

Copper 007440-50-8 o 1.00E+00 1.00E-02 1.00E+00 1.00E-02 1.0000 1.0000 500.0* 50000.0 5000.0* 50000.0 1000* 1000* 

Cumene 000098-82-8 10* 1.00E+00 1.00E-02* 2.00E-01 2.00E-03* 0.4000 0.4000 500.0 

Indicates difference between previous version of chemical data ( JUN 96 ) and current version of chemical data ( JAN04 ). 
** Indicates new hazardous substance in current version of chemical d!\ta (JAN04 ). 

500.0 500.0 500.0 100 

17 1.0000 Yes No 

17 1.0000 Yes No 

No Yes 

No Yes 

No Yes 

6 0.0002 Yes Yes 

No Yes 

No Yes 

17 1.0000 Yes No 



Page BII-3 HAZARD RANKING SYSTEM 2& Jan 2004 

SCDM Data Version: 1127/2004 Hazardous Substance Benchmarks 

Ground Water/Surface Water Pathway Surface Water Pathway Surface Water Pathway 
Drinking Water Food Chain Environmental 

Reference Dose Cancer Risk Ref Dose Cancer Risk Acute Chronic 
MCLlMCLG Screen Conc Screen Conc FDAAL Screen Conc Screen COIlC CMC (Ilg/L)' CCC (Ilg/L) * Substance Name CAS Number (mg/L) (mg/L) (mg/L) (ppm) (mg/kg) (mg/kg) 

Fresh Salt Fresh Salt 

Carbazole 000086-74-8 4.3E-3 1.6E-l 

Carbon disulfide 000075-15-0 3.7E+0 lAE+2 

Carbon tetrachloride 000056-23-5 5.0E-3 2.6E-2 6.6E-4 9.5E-l 2.4E-2 

Cesium 007440-46-2 

0 o Chlordane 000057-74-9 20E-3 I.8E-2 2AE-4 30E-l 6.8E-I* 90E-3 2.4E+OG 90E_2G 4JE_3G, aa 4.0E_3G, aa 

CtJ 
0 

Chlordane, alpha- 005103-71-9 l.8E-2* 2AE-4* 6.8E-l * 90E-3* 

,~ Chlordane, gama- 005566-34-7 I.8E-2* 2AE-4* 6.8E-I * 9.0E-3* 
p", 

Chi oro benzene 000 I 08-90-7 1.0E-l 7JE-l 2.7E+l 

Chloroform 000067-66-3 36E-l IAE+I 

Chromium 007440-47-3 1.0E-l 1.1 E-l* 4.IE+0* 

Chromium(IIl) 016065-83-1 5.5E+ 1* 2.0E+3* 57E+2D, E, K 74E+t D,E,K 

Chromium(VI) 018540-29-9 !.lE-! * 4. tE+O* 16E+tD,K !.lE+3D, bb lIE+ID,K 50E+tD, bb 

Chrysene 000218-01-9 1.2E-2 43E-1 

Indicates difference between previous version of chemical data ( .fUN 96 ) and current version of chemical data ( JAN04 ). 
** Indicates new hazardous substance in current version of chemical data ( JAN04 ). 
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GeoJogicHistory and Hydrogeologic 
Setting of th~Edwards-Trinity 

. Aq u iferSystem ,West-
Central Texas 

By Rene' A.Barker, Peter W. Bush, and E.T. Baker, Jr. 

Abstra(:t 

The :Edwards-Trinity aquifer system under
lies about 42,000 square miles of west-central 
Texas. Nearly fiat-lying, mostly Comanche 
(Lower Cretaceous) strata of~.e .aguifer system 
thin northwestward atop massive pre-Cretaceous 
rocks that are comparatively impermeable and 
structuranycoI1lpl~x.:Frompredoniinatelyterrige
nous clasticsediInents :inthei,easLanpfiuvial
deltaic, (terrestrial), deposits in the west, the. rocks 
of early Tririitian·.age,gradellpward into supratidal 
evaporiticanddolonlitic:strata,'intertidalJime
stoDl~and dolostone,and Shallow-marine,ppen
shelf,and reefal strataof~teT.rini1::ian,Fredericks
burgian, 'ahd'Washltru)':age~' Atlrlck;,downfarilted· 
remnantof;mo~tly op,eri~marine s~t8:ofEaglefcir
dian ,through Navarroanagecomposes;asma1l, 
soutbea.steJ:rt<partofthe'aguifersyste,:Il. .... .. 

The TrinityOroup was de~~ited,atqparoll- . 
ingpen~plfiin6fpr~..;Cl'etaceous:rocks d~g:tbree 
predoininatelytransg;r~ssiy~qyclesofsedimtmta
tion·.that~ncrolIched'upoI1'.tlle:Elano'uplift. ''The 
Fred~J:ic~burgand"\V~¥1:aGroiws'were .depos
itedaoovethe:TriiliWGrou,pmosay'in -the lee of 
the Stu~Cityreeftrencl.aShe]fmarginridgethat 
sheltere&'denoslfioruileIiv.rroIll11ootS'in,lheoStridy 

. . " ... :~./.~,~" .. ~:~. \." .-".'; ::-' '0<:.',"" ... ,\,~.~~<,~-: .. ':.~ ::--:".::, ""." . .-"'>_:: .:~.:._ ~ . :._ . ; .>'C., " ".'_ 

area.'I'beWasbitaGroup,subs¢gu~:9tlywaScov-
eredWitbthick,mostlyfine,graine<i GuJistram. 

Durlnglate Olig~errethro~;:e-arl; , 
Miocene' titne, Jarge.;scale Iiorri:uil faiiltingformed 
the:Balc(jnesfaulfzone~ 'where the Cretaceous 
strata were downfaulted, intenslvelyfractured, and 
differeutially rotated 'Yitrun a series 'of northeast
trending faultblOCks.]I1 addItion tofI"acturing the 

rocks in the fault zone and extending the depth 
of freshwater diagenesis, the faulting vertically 
displaced the terrain, which steepened hydraulic 
gradients and maintained' relativ~ly,high flow 

. velocities near the surface. A shallow. regime of 
dynamic ground .. water flow evolved that pr(r 
moted dissolution and enhanced the tratlsmissivity 
of the Edwards' Group in :theBalcones :fatiltzone. 
Cementation, recrystallizatiori,and mmeral 
replacement~aused by neeper,comparatively 
sluggish grouild~w8tercirculatio~on:fuined to . 
dimini~h the transmissivity ofth~underlylngTIin
ity Group,mnvellas:in,ostCretaceous strata in the 
HillCountry,Edwards~Plateau,and Traris-Pecos. 

The Trinity,FIedericksbilrg, ,and·iWashita 
stnita ·cqmposearegional·aqtrlfer· s.ystemoftbree 
aquifers •. whose water-transIriitting characteristics 

. generallYarecontiiluous.intlie lateral,d.i!ection,. 
and twohydrati!ically t~ght,confinil,lg·mlits.The' 
aguifers.are the Edwards aqIlifer,in:tiie.Balcones 
J~ultzo~~, ctheTrinity:~uifer~inthe::BaIcp~~fault 

,.:zone ;and Hill ~Couni:ry"andthe'Edward$':Trirrltr 
aquifer in 1heEclwards .P1atea1i>and~Trans~Pecos. 

'TheNavatio-"PelRioc0nfuling'llilit:6verlies :the 
.Subcr~Qfllie:Eflw~~aq#er,apdtheJianUm~n 
coirlinJ-ng llIiitlies'\Vitlii11th~ ~pdip;basarp3rt of . 

. the 'TrinitY aqulfci ,arid/asma1.1s6ntheasi'emftihge 
. of the Edwards:::Tiiriity aqUifer. The confiriin.g 

~ ~,unitsare mQstlycalcareous.mudstolle,<sAtstone~ 
and shale6f]ow-energy terrigenous.andopen~ 
shelfmarine.depositionalenvironments.dTheaqui
fers mairuy restiltfromfractures, joint cavities, 
and porosity caused, '1>Y .thedissolutioDofevapor
ites and pnstablecarbonate-consntuents. 

Abstract 1 
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Because the diagenetic effects of cementa
tion, recrystallization, and mineral replacement 
diminish the hydraulic conductivity of most rocks 
composing the Trinity and Edwards-Trinityaqui
fers, transmissivity values average less. than 
10,000 feet squared per day over more than 90 per
cent of the study area. However, the effects of tec
tomc fractures . and dissolution in . the Balcones 
fault zone cause transmissivity values to average 
about 750,000 feet squared per day in the Edwards 
aquifer, which occupies less than 10 percent of the 
study area. . 

INTRODUCTION 

The Ed wards-Trinity aquifer system, underlying 
about42,OOOmi2 of west-central Texas,was studied as 
part of the U.S. Geological Survey:s Regional Aquifer
System Analysis (RASA}program.The Geological 
Survey began the RASA program in J 978 to define the 
hydrogeologyoflarge aquifer systems in the United . 
States. The Edwards':'TrinityRASA is one of28 RASA . 
projects nationwide that were identifi ed for study under 
theprogramCWeeksand Sun, 1987, fig.]). 

Available data on the hydrogeology of west
central Texas.generally coversmaUerareas than the 
regional scale of this RASA project Therefore, the 
contents·ofthis report were synthesized primarily from 
thepublishedwork ofinvestigatorsincol1eg~ ~duni
versifies,in agenciesoflocal andFederal:governments, 
and in industIjS,ChiefcontributorsaretheU,S . Geolog
ical~urv~~,theBureau of;Econ0nllc Geology of the 
UniversityofTexasatAustin,the Texas Water Devel
opmentJ3oara,andtheTexasNatural Resource Con
servationCommission. PUblications of the American 
Associati0ll ofI~~tro~eumc:JeologistsandtheGeologi
calSocietyof America, and s~me unpul>lished russet-

. tationsandtheses fromtheUniversit;yofTexas(Atlstin 
and .Arlington) alsowereusefuL 

Purpose and Scope· 

This report sumrnarizes·the geologic history and 
hydrogeologicsetting.ofthe rocks that compose the 
Edw8rds~Trinityaquifer system. Pertinent deposi
tional, tectonic, and diagenetic events are reviewed in 
the section "Geologic History"" The "Hydrogeologic 

Setting" section relates the regional aquifers and con
fining units to their chronostratigraphic and lithostrati
graphlc counterparts and summarizes ground-water 
conditions in the study area. 

Acknowledgment 

Much of the geologic information provided in 
this report for the western part of the study area was 
summarized from unpublished maps and notes volun
teered by Dr. C.L "Ike" Smith, Chairman, Department 
of Geology at the University of Texas at Arlington. The 
authors are greatly indebted to Dr. Smith for his gener
ous contributions. 

Aquifer-System Boundaries 

The study area of the Edwards-Trinity RASA 
comprises the Edwards-Trinit;y aquifer system plus 
contiguous hydraulically connected units (fig. J ).The 
contiguous hydraulically. connected units . are between 
the boundary ofthe Edwards-Trinity aquifer system 
and the natural or assumed boundaries of the regional 
ground-water-fiowsystem, where the two are not coin
cident. 

The,Ed\Vards-Trinityaquifer system contains 
threema.jor aqUifers and two major confining units 

. (fig~2).Fn:,measttowest,theaquifersare the Edwards 
aquifer, Trinity aquifer, and Edwards-Trinity aquifer. 
The aquifers are laterally adjacent except in the south
easteI'npartofthesystem, Wherethedowndippart of 
the<Tpni~aqriiferis overlainby.theEdwardsaquifer. 
The NavarrcrDelRioconfiningunit.overlies the sub
crop of the Edwards aquifer, .and~eH.ammettconfin
ing.unit lies within tbeupdip. l>asalpart of the Trinity 
aquiferanda smaIl southeastemfringe of the Edwards
Trinifyaquifer . 

'The'poundaryof the Edwards~Trinity aquifer 
system.Cfig.2)is the.limitofcontepmn9us.Cretaceous 
stratath~taretheprincipalsourceof ground water. This 
boundary has bttndeftnedon the basis of geologic and 
hydrologic consiaerations . 

. Geologicb6undaries delineate the northern and 
western Jiniits of the aquifet system.froIIl west-central 
Travis Countyin·theeaSttoeastem Brewster County in 
thewest.Th~ n0t1ltemboundary between west-central 
Travis CountyanCltbe northwestern· comer of Ector 
Count;yis the approxlinate updip limit of Cretaceous 

2 Geologic History and HydrogeOlogiC Setting of the Edwards-Trtnfty Aquifer System, West-CentralTexas 
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rocks (University of Texas, Bureau of Economic Geol
o:;y, .1974b; 1975; 1976;:; 198h:.;A .. shworth andF1ores, 
:! 991, fig. I) . .I:r. some ar:;RS, the boundary is indicated 
topographically by a low escarpmentJacingaway from 
the aquifer system. T.'ie bounrla'1' _is drawn arbitrarily 
between centra} Boward Coun1;yand northwestern 
Ector Coun~1 recause sandy intervals of the High 
Plains aquifer (V';eeks and others, 1988) are virtually 
indistinguishable fran: the sand OInt that compriseI' 
most of the Edwards-Trinh)' aquifer system in that area 
(Mount and ot~::..-rs, 1967, p. 45). Between northwestern 
Ector Count]'e:lo Culbe:-son County,tDe boun.da."}' of 
1beEdwards-Trimty aquifer system is where Creta
ceous rocks.a!:Jul: t..'le Cenozoic Pecos aHtrvrumorJmver
sit-v of Texas, Bureau of EconomlcGeology, 1976b; 
Rees and Buctne:-, 1980, fig. 2). Tile western bOlh"1dary 
between CulDerso:1 County andtbe P..io Grande 1n 
Brewster C...ounty is aefi:Jed by the e~stemflanks of sev
eral moun:ainranges w.heret~eCretaceous rocks pinch 
out, are structurally deta:::hed,or are virtually impenne
able CRees andBu6kner. 1980,fig. 2). 

Hydrologic boundaDeswere used to delineate 
the southern and eastern limits of the aquiferS)'Stem 
between eastemBrewster Counnrand west-central 
Travis County. BecausehYdraulic-h--...addata inilicste
tbat the Rio Grande is a regional ground'-wat.."'icirnin 
(E..LKuniansl.")', V.S.&-...ologica1Survey, oral corn
mUll" 1987), thesouiliemextent oIllie aguiferS)'stem. 
betweeneastemBrewster County and SQutheasternVa1 
Verde County com::iides "With the Rio Grande. Between 
the Rio Grande in sombeastern ValVerde County.and 
the Colorado River i11central Travis County. the aqui
fe:: system isboundecLbya weil .. -rlefined.freShwaterl 
saline-water transition zone {fig. 2}1hatminirnizes the 
oo'wndip :flow of fresliwater fram the Edwardsagurfer. 
Tne aquifer system bounda.rycoinddesherewiththe 
updip edge oftnetransitionzone, defined by the 1ineof 
1 .OJO.,.mg!L (milligrams petlirer) dissolved solids 
(11aciaya.'1dolliers.1980,fig. 7) . .A freshwater/saline
water transition zone mso.isin me Trinity. aquifer 
beneath the Edwardsaguifer.1Jisscilved.,solids :data 

from the Trinity~u1ferare too sparse.to define lines of 
equal dissolved solids. However, 1imiteddataindicate 
thattbe t.--ansitionzoneinthe Trinityaguifer approxi
mateiycoincides, in plane vjew, with the transition 
zone lntheEdward."aguif.er (Bru.'1e and Duffin, 1983. 
fig. 12; Dtiffir .. 1974,fig. 18). 

TheCOlqrado River fDrrm; the northeastern . 
houndary oftbe aquifer system Ll:rrough west-central 
Trm~is County. AlthDugh Cretaceous rocks e:r..'tend 

north beneafr the Colo:-z.ao Pjve:~the rive: iSE regional 
discharge bound~'J' e)~:::e?: near the fresbwater!sa1ine·
water transitior:: zone, wnere the Edw2Tds agulieris 
confined hund:-edr,ofiee:.belowoland surface. 

The srooyare" {fig. 1} was extended beyond the 
bounolli")' of the Ed~:ard&·T:IDi!y aquifer system to 
account for the hydraulic C0DJlection with contiguous 
TO:;!: unltSafOllTlct.'1e southeastern, northeastern, and 
Dor':w"we;;ternedges 3fth::: system (fig. 2). The south
eastern limit ofthe smd.y aree Waf; drawn arbjtrarily to 
coincide with theeslli-nate.d location of t.~e 1O,GOO
mglL line of equal dissolved solids, based on data. from 
Ma:::lEl-yand others (1980, p. 13). The srudy areais 
bounded on the norili~t by the Colorado. River, a 
regional dischfu""g""': boundary (Kuniansl,)'. ] 990) for the 
aquifers in the contigl.10USpre-Cretaceousrock:s that. 
underlie the.river (),1011nt and others, 1967, pi. 4). Tre 
northwestern Hrri.it of fu~ study mea oveilapstheCeno
zoicPec08 alluvium aqui£er(Ashworth, 1990, fig.,S) 
and the soutr.e:nmosrpa,'tof !be High Plains aquifer 
(Weeks.and others.1988.~g. 1). 

Western and centralparts of the EdwardS::'Tril1ity 
aquifer system locallya."'eoveririndirectly by the Del 
Rio Gay or Budz. Limestone .. Together, thesereiatively 
impermeable unitscomprisetheiower 10 t020 percent 
of the NavalTo-Del Rioconfinin.g unit (fig.2), which 
confinesdowndip parts of the_Edwards aquifer-in the 
souw..-astern pa.I{.ofthe study area (fig.3). Theba<eof'" .. 
me Edwards-Trinity· aguifersystem is forn"le.o of Pale
azoic and Triassic rocks L'1at arem8stiyimpermeable 
(Barker and Ardis, 1992). Whe;'e adjacent Paleozoic 
and-Triassic rocks are· permeable. 1heyform"conti~ 
ous hydraulically connected units" (fig. I). 

The extent oftheEdwards"''Irim\)faguifersystem 
T,,'as divided into fourgeograpruc:!S'.:ilJarcas(fig. 3) 
ba~ed ondistinctphysiographlc,cii&.atic,and.geolqgic 
cha.'Clcteristics. Tnesubareas, from'l.a.."",gestlosrna11est, 
arc :theEdwardsPIateau, the Trans-Pecos. fueHilI 
Country. and the Balcones fault zone. sout.'-t of the CoI
oradnRiver{nereafterreferred to ast.'1e Brucones fault 
zone). By definition,.tbe.Edwards-Trinity aquifer is 
coincident with~ Edwards PlateaU .8.."Jd Trans-Pecos. 
The Trinity aguiferis L~ principa1aqu~ft!rintheHill ·0 

CountrY,and. the-Edwards aquifer is Jbe princityalagui-
ferro the Ba1cones fault zone. . 
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Balcones fault zone.byaneoeehe]onnetwork of 
mostly dovm-to-the ... southeast, high-angle normal 
faults that strike generally southwest to northeast 
(Maclay and Small, 1986,p.5).Broken and. down
faulted ,by these faults, the Cretaceous rOCks exhibit a 
steepersoutheaitwarddip in the Balconesfilult.zone. 

The BaIconesfaults are the principal structural 
features of the study area, and theygreatly.influence 
ground-water flow. 'The Edwards Groupinthis area 
contains the mosttranSnllssiverocks in the. study area, 
those composing th~Edwards aquifer ofthe.BaIcones 
faultzone .. TheTrinity Group, whlcbcomprises.the 
Trinity aquifer, isd~plyburied and relativelyiroper-
meablein the .BaIcones fault .wne. . 

The' boundary between . the Hill'CountI'y and the 
Balcones fault zone (fig . .3) was ~tenninedby linkirig 
the updip edge ofmajorfatilts that juxtapose the Trinity 
Group on the west against the Edwards Group (or 
stratigraphic equivalent) on the east. This delineation 
was based on faulflocationsprovided by the University 
of Texas, Bureau of Ecbnomic Geology (l974a; 1977; 
1983),andwas .. stibsrimtiated.by water-levelreeords 
(Kuniansky,1990) :and data on the base of the Edwards 
Group (G.E.oToschen,U.S.Geot"ogicaIBurvey, writ-
tencommun.,.1988),:·· ...' .....' 

The bouridalyr)etv/eenthe EdwarcisPlateauand 
the Balcones famtzone(fig~'3)"was cleteTmined'from 
well-10gima,tr2nsiriis~hity·dati The data were used to 
separate ib6area where the£dwards':Triiiity;aquifer.is 
the pcincipafaquifer from tbeatea'where:.the Edwards 
aquiferis the·principaIaquifer.;·· .' 

'Tlletopography of:theBalcone~'faultzone 
SIDOOthS gulfward ina southeastward directionfrom 
the.Balcones e&cawwellt.(fi~ .. 3,),a\majo1;',physi()
graphic divide that.J()C,aIlyseparates the Great Plains 
from .tbeGlllf COMtafPJ3in: The BaIc~ries ,escaIpniertt 
appro~ly .co@c~~bs:!ri#i ~ l;~ft toPogmplric 
ContOUr. Although tbe'Edwaidsaquifer'cropsout in the 

updip p~ o{tli~~;~q§n~*f~~t~O?~, .~. do~~ted· 
strata and. steepentng stru~turaI dip.causetheaqtiifer to· 
be progrbssi~ejyrii6re'deepljl bUrled 1ind'confined ". 
south ofllie outcrop area (figA). 

Thebrorutstream vaIleysindowngradient parts 
Dithe HillCotintty :Wutowwherethe sttean:tS enter the 
Balcones fault zone andJlowatop.the relatively.perme

. able Edwards Group (Wemmnd and WoodrUff, 1977, 
p.342). The StreambedsJoseapp~i~blequantities of 
water to the Edwards. aquifer as tbey trav~rse the 
faulted outcrop area of the Edwards Group. Hydraulic 
he3cts in confined paris of the Edwards aquifer are 

'>'.' 0 

above land surface near the freshwaterlsaline-water 
transition zone, resulting in several large springs. 
Comal and San Marcos Springs (fig. 3) discharge at 
rates averaging more than 100 ~ Is. 

Mean annual (1951-80) precipitation averages 
about20inlyr over the Edwards-Trinity aquifer system 
(Riggio and others, 1987,fig. 11). Most precipitation 
occurs as moisture-laden air from the Gulf of Mexico 
movesiriland and cools. The distribution of perennial 
streams (fig. 3) attests that considerably lessprecipita
tion .falls on the westernpartof the aquifer systemthan 
on theeastempart.An increasing distance from the 
GulfofMerlco (the,principal source of moisture) 
causes it genernlwestward decrease in the amount, of 
precipitation (Carr,1967,p. 2) .. The steepening terrain 
northwest of theBaIcones escarpment sllperimposes an 
orographiceffecfonprecipitation over tbe.Hill Coun
try. Mean annual C1951-80) precipitation is about 28 
in/yr over theBalcones fault zone,about30 inlyr over 
the Hill Country, about 19 in,Iyr over the Edwards Pla
teau, and about 13infJrovertbe Trans.,Pecos ... (Riggio 
and others, .1987).' . , 

May and September generally are the Dlonths,of 
greatest precipitation in the BaIcones-fatilt zone, Hill 
Country. andEdwaidsPlateau;1n the Trans:"Pecos,pre
Cipitationmostly oceurs during convective. showerS . 
and thimdersfonns in JUly, August, 'and September 
(Carr; 1967,.p.14;LinsleyancI others;:1975,1l.;61). ' 

, " -<,"; 

GEOLOGIC HISTORY 

.. Thede:I>DsitionaI,tect()nic,~d diagen~l:id.:char
acteristicsolthefock~oftbeEd\Vards,:Triniti'aqnifer . 

. systeriiare.d.ifferentfroIDtiloie 6fthe llnderlyfug. com
parativ~iyiIDPerm~olepre-Cre~ous:r66kl;.Rela~ 
tivelythin,:i:ieai1y fI~-lying Cretilceous strata of the 
aquifersysterii typicallydips()utheastward atopgener
any IDassiveP31eoz6icand Triassic unitsibal'genera1ly . 
dip westward(figA)~The,tinconformitybetween the 
Cretaceous:roeksof tbeaquifer.system;andibe pre~ 
CretaceouS'complex:~~ark:er aIlC!AEdis,.:19,92)fIllarks a. 

,major,change in thegeolqgic history of the stuqy', area. 
Tllls.hiatnsspans a,tr~sitionfr()nt.th~.deix)siti,onof' 
terrestriall'edbedsduringLate Triassic time.tothedep
osition ofterrigfm~us"clasfic'and shaIlow-marfue car':: 
bonate.sedmlents diuilig'IlailyCretaceoiis time, 
transcencling about60 iniUionyears of crustal warping 
and erosion during the Jurassic Period. Th.isseetion 
summarizes'ibe\geOlogic history ofthepre-CretaCerius 
rocks upon wruchtheCretaceous seas encroached and 

8' 'GeoiOglc Hllllory.snd fiydl'ogeologlc Setting of the Edwards-Trinity AquHer Sy.tem,West-central Texas 
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The Edwards Plateau, which covers about 
23,750 m.i2, is a resistant carbonate upland of nearly 
flat-lying limestone and dolostone, which typically are 
veneered with loose, thin soils. Caprock mesas, broad 
alluvial fans, and dry arroyos are th~ most prominent 
features on the·near-featureless plain. The topographic 
contours in figure 3 indicate a gradual northwest to 
southeast slope of land-surface altitude from about 
3,000 to about 1,000 ft above sea level. 

In contrast to interior parts of the Edwards Pla
teau, the eastern and southern mmgins of the Plateau 
are topographically rugged. High-velocity headwaters 
have cut narrow, steep-walled canyons into the carbon
ate terrain around the eastern and southern margin of 
the plateau. Watercourses that are intennittent in the 
higher elevations of the Edwards Plateau evolve down
stream into perennial streams, as their channels inter
sect the water table and gain base flow (Kuniansl.)" 
1989). 

Most of the carbonate strata in the eastern part of 
the Edwards Plateau belong to the Edwards Group 
(Rose, 1972). The Edwards Group and its western 
equivalents,· the Fredericksburg Group and·lower part 
of the Washita Group, are hydraulically· connected to 
terrigenous clastic and carbonate sediments of the 
underlying Trinity Group. The name "Edwards
Trinity" aquifer thus was adopted for all thepenneable 
CretaceousTocks on the Eciwards Plateau. 

The Trans~Pecoscovers approximately 9,750 
mi2 west of the Pecos River (fig . .3). Southeast of Fort 
Stockton, in· the Stockton Plateau· (Fenneman, 1931,p. 
47), the Trans-Pecos terrain is an extension of the 
EdwardsPlateau. North and west of FortStocl.'tOn, the 
Trans-Pecos occupies much ofwhatFenneman(1931, 
p.48)·ca11edthe Toyahbasin,whichis the southern
most part ohlong, trough~likealluvialvaney of the 

. Pecos River. The Toyah basin is topographically flatter 
than the Stockton Plateau. The Toyah basin is covered 
withalluviumranginginthickness fromafewfeet near 
the northern edge of the Stockton Plateau to more than 
1 ,OOOnl>eneath the Pecos River valley. 'Thus; the 
Edwardg.;Trinity .aquifer in the Trans-Pecos is exposed 
or nearly so inthesouthempart of the subarea and is 
partly buried under alluvial sediments of varying thick
ness in the northempart. 

Land-surface altitudes in the Trans-Pecos 
decreaserrom greater than 4,000 fUn the foothills of 
mountainsthat bound the aquifer system on the west to 
about 1,100 ft near the confluence of the Pecos River 
and Rio Grande (fig. 3). The Pecos River and Rio 

Grande are the only perennial streams in the Trans
Pecos. Between the mountain front and the Pecos 
River, the land surface is characterized by intennit
tently flowing stream channels. From well-defined 
headwater valleys in the western foothills, the intermit
tent streams drop onto gently inclined lowlands. The 
stream channels broaden into shallow arroyos as they 
leave the foothills and enter the alluvia1-filled Toyah 
basin, and nearly disappear as they approach the Pecos 
River (Annstrong and McMillion, 1961, p. 13-14). 
Valleys in the Stockton Plateau generally·are most 
clearly defined where they cut through dense carbonate 
rock. The Pecos River and Rio Grande flow through 
deep, steep-walled canyons of nearly fiat""lying lime
stone along the eastern and southern boundaries of the . 
Stockton Plateau. 

The streams that originate along the southeastern 
margin of the Edwards Plateau and their downstream 
tcibutarieslargely are responsible for the high topo
graphicreliefof the Hill Country (fig. 3),whlch covers 
approximately 5,500 mP. Headward erosion by sou~ 
east-flowing streams has stripped allbuta·fewthin 
remnants of the Edwards Group and its equivalents 
from the Hill Country,exposingthe Trinity Group at 
land surface; thus, the name "Trinity" was given to the 
principal aquifer in the Hill Country. The Trinity aqui
fer in .the Hill Country is an extension ofthe]owerpart 
of the Edwards-Trinity aquifer of the Edwards Plateau. 
with the Edwards Group and its·equivalents mostly 
removed. The boundary between the Edwards Plateau 
and the Hill Country was delineated from the outcrop 
configuration of the Trinityrocks (Unive~ityofTexas, 
Bureau of Economic Geology, 1977; 1981a; 1983). 

The major streams descendsteepgnW1ents as 
they flow through the Hill Country. Manyupgradient 
reaches are contained within deep, narrow·canyons 
characterized by nearlyverticlil walls. Although most 
of these canyons widen downstreamintobroad,fiat
bottomed yalleys,theytypicallyretainilieirnearly ver
ticaI walls .. Attributing the widening oUbe steeP'" 
walled canyons to a condition known .as."sprlng sap
ping," Fenneman (1931,p. 53) stated that the effect of 
spring discharge in fuearea was "***tosap the strong 
rocks of tbecanyon walls which thereupon retreat and 
separate." 

The Balconesfaultzone, to the south and east of 
the Hill Country, covers about 3.000 mi2 (fig. 3). The 
relatively gentle southeastward dip of the rocks that 
compose the Edwards-Trinity aquifer system in the 
Edwards Plateau and Hill Country is interrupted in the 
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TecOnsti'Ll~ts the dep:Jsitiona!, t.ectonic, and diagenetic 
events betweer: L'1e beginning of Cre!aceom;time and 
the present day :""'1a: appear 10 most afi'e.::tconditions 
.dthin the EdwaTds-Trillity aquifer system. 

Paleozoic Era 

The Paleozoic hislDrJ' of west"'centr.aJ Texas was 
donrinated by: (1) me Oua;:;hil1l geosyndine, an elon
ra1ed depositional trough tha: bordered the ancestral 
No::"ill Amencan continent; (2) lalla Iru:.Sser south a'ld 
ea.";; of the geosyncline; and (3) shallow inland seas 
across a stable continental foreland, north and west of 
fr..::: geosyncIine .. Presently, the Ouachita geosyncline is 
represented by iliemostly buried Ouachita struc:ural 
belt (fig. 5). From southeastern Oklahoma, L'le Quach
iw. geosyncUnecurved around the southeastern 2.s.'1d 
sout'lcrTI ma."gins· of the Llano .and Dev'ils River uplifts, 
resp...ctive1Y,wme Marathon and Solitario uplifts or 
SOl1t'lwestern Texas (Bawn and others, 1961). The 
IJano and Devils River upiift:; wereresistai1.tproroOn
tories of Precambrian crystalline red: on fuesoutheas~ 
.ern perimeter of ancestral North America. Dntil Late 
Permian time, deposition in tbebmadfore1a..'"ld area 
was mainJy of an or,Pmicor .chernicalnature mld was 
onJypart1yclastic. wbile clastic ri...--position prevailed'in 
the geosyncline (Selliu:rls, 1935, p. 18). Intennittent 
tectoruc.pulsesmainOOned pr-ominentlandareru. near 
the southern and ea5t..Pffima.'l!im ofthe.geosyncline, 
which supplied the 'subsiding trough v.iith sediment 
throoghrnnearl..yandmiOdIe Paleozoic·ti:me. 

Follow.ng about 4OChnillion years of mmnIy 
upliftanderosion during thebte Pre~brian and 
furoug:hEarly Cambrian time (Flawn. 1956, p. 68-71), 
ahout.;S;{~,}J ft of·Ordovician. Silurian. DevoIDnn, .and 
Mississippian hi:rata were deposited upon an unevenlY 
~odedsurface of Precambrian igne.ous:and met.a..~or
phicrocks. Depositionil rates thatincre.ased duringtbe 
Pennsylvanian Period continued through most of the 
Permian Period, when more than 5.000ft of marine 
sandstone,limestone. and shale were. deposited in t'1e 
fordand area of west-central Texas. The bordering ge~ 
syncline continued toh"Ubside under the weight of 
coa.rse cla'itic sediment and attatW"...ddepths of more 
than 20.000 ft (Sci!1&ds, 1933, p. 134)~llIe Ouachita 
gr;osyndine was ma11y oyer-whelmed by:atectDnic 
upheaval mat profoundly aff-ected thegeoJogic history 
of the study area. 

Juring the Ouachlt-a o;ogeny. which climaxed 
between Late Pennsylvanian and Early Permian time, 
the g"...A:>s.3rndinal deposits were uplifted, thrust faulted, 
nndinteIl5!vely folded :into t:.. late Pabozoic mount:l.in 
range. From t~ sDutheastem part of th:: United States, 
t..':Ie ancestral. Ouachita Mountains extended through the 
presen:O .. mchitaMountains of fu'kansasand Okla
homa to the 1;,:1.ammor, and SoIita..r:io u?lifu ofTexl!5 
(fig. 5). Tb.e LIano ane Devils Rive:-uplt."1s responded 
as ~sistant blli.'tresses against which the Ouachita 
fades were thrust from the south, sheliJ."'ing ani folding 
intervening rocks of tbe foreland. A compiex foreland 
struCllire resulted (Webster, 1980), creating petroleum 
traps that are :recognized at:; some of the ID:Jst produ:::~ 
tive oil and gas reservoirs in the world. Inreno:- seg
men~5 of the Ouachita structure llilde:went va. ... ying 
degrees of meta..."Do:-phisrrr-producing slate, phyllite, 
and metaqu3.."i.:dte--as blocb of early Paleozoic rocks 
were thrust nor..hv,.-arc :l~OS5 young~ strata. 

Thlringthe wnning st.ages of the Ouachita orog
eny, tbePermian Basin (fig.S) devdoped.in westTer.as 
beneath <l bread, shallow sea. TIle S~ became ID.."P"a.s
inglysaline as thehasin becarnemore isolated from the 
Op"'....D ocean about t.'remidille ofLatePermiar:. time, a 
time of intense aridity and re,,;tricted water cir...ulation 
(King, 1942, p. 711"':'763). Detritcl influx to the basin 
ceased ahdthe predominant sedim..."'1lts ~ gyp
s:.n:n.anhydrite, halite. and potash. Following differen
tial uplift a.."1tierosion, fresher -W::lter conditions 
retJ.m>.ed. As the connecfion with the ope;.j ocean 
improved near the erid of the 'Permian Period, the 
super-saline watefbe.ca.rnz fresher, ·.andfine-grained 
das'.ic sediments Vi~~ lil1from sll..'iOunding high 
ground, coveting thee\'aporlticstrata with a thin red-

.. bee unit. The Permian sea withdrew as the region was 
again uplifiedat the dose of the Paleozoic Era. 

Mesozoic-Era 

TriassiC and .Jurassic P.eriods 

Theretteat of the Pentllan sea was followed by a 
long interval of nondeposruor .. crusta1v;;.7Uping. and 
erosion during Eadyand MJddle Triassic time. "While 
uplift conti"'lued in me L1.anq area and erosion planed 
down the centr.a1 basinplatforrn (fig. 5), a c1osedoonti
nenta1basinformed~west'Texas. This ba<;inwas 
pa."fly filled duri~g L.a-retclnssic time with easi1yer.od
iblePaleozoicsediments that were redeposited as red 
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beds of the Doch."Um Group under fluvial,deltaic, and 
la:::uS!:"ine conditions (McGowen and others, 1979;. 

Most of wes~..,centra1 Texas was above sea level 
du:ingthe Jurassic Period. During thistirne, the study 
area was tilted toward the southeast and eroded to a 
rollingpeneplam.tharacterized by broad river valleys 
and low ridges of resistant rocks (HiIl,190l).The 
.ancestral· OuachitaMounullns rnostly were removed by 
erosion through central Texas, and the remnants sank as 
the Gulf of Mexico opened (Flawn, 1964,p.271-274). 
The land surface tilted southeastward, causing a rever
sal in thedire:::tion of surface drainage. The reversal in 
drai:mrge,wruch may have begun during Permian t:ime, 
was completed by the end of the Ju.."'aSsic Peri od so that 
theearIlerpauirn ofn~J:Jwestward drainage toward 
inlandseas was superseded by southeastward drainage 
into a westward-advancing Cretaceous sea (Sellards, 
1933, p"24) .. 

Cretaceous· Period 

Rifting and subsidence in the ancestral GUlf of 
M:c,jcobas".n (fig . .5}continued intotheCretac:eous 
Pe:iOO (VloodandWaJper, 1974).A broad continental 
sbelffmmedaroundthe rim oftllebasm, bridging the 
YUC2!an Penmstila.~fue southeastern part of the 
United State..; wj1'j} the B1iliamas{Bebout and ,Loucks, 
1974.JI. 2). TneComanche andGullstra1:2cifth.e 
Ed~'al"ds~Trinil}'aqt¥ersystem (table 1) fotmedatop 
the landv,"&-rlIDargiDofthis shelfunde:predorr>.mate!y 
shaIiow~JDnrllle,con,!itio~.ofrelatiyelylow wave and 
rurrentenergy~ The I;lano.uplift w~a OOIrJnantstruv
tu.--al~1ement through Jate'TrinitiaIttim.!.:})uringTrini
nan time,islancis·oIJ;>recrunbrianmetmno%phic ·2I1d 
igw..ousrocksand Pa1~Rzoicsedimentmyrocks stood 
hlgh on the upliftanqsna1 dastic debris into nearby 
nuvia!and terrigeoousenvironments {Striddinand 
ot.hers.1971.p.7).Bj'Fredericksbu+gi~time, the 
Llano~ift was' a negllgiolec?ntributorofsedirrient; 
·however.e.se>U!heastwardeA'teIJSion of the Llano uplift. 
tt~ SarilvDm:oS arch (.AdkJns.1933,p.'26q), continued 
as 2stnI=tutair'.dge .between ',the'nortbTexas-7yler 
basinonthe northeast andt:he Rio GranDe Embayment 
on the southwest. 

Comanchean Epoch:7rinltlan Age 

Subsidem:ein the ancestral C:r+!lfof1V.t.exicobasin .. . 
(fig.5j.conplea'Wifhannverallris&inseaJevel, caused ... . 
the.,Bm:lyCretaceoussea to advance slowly westward 

upon the peneplainec .surface offol ded and faultedprt'
Cre~eous ro::ks (Hin. 1901). The Trinity rock record 
indicatesE cyclic,but persistent pattern of transgres
sion; the regressivephEsesof deposition were:rela
lively shartllved anrlleft comparatively little sediment 
The regressions may have been triggered by decreasing 
rates of subsidence, an ovcrall lowering of sea level, 
increasesm .fue supply ·of clastic sediment from rising 
inland source areas,· or some combination of these con
ditions (McFadan,1977, p. 10). Wnile terrestrial depo
sition prevailed on alluvinlplains landward of the 
advancing shoreline, terrigenous and restricted shal
low-marine environment.<; dominated the gently 
inclined uppe::- shelf, over which wa..""Ill,gener.aJ.iy clear 
seawater circulat!:d. Con~cts between the resulting 
litbofacies are dia:::hronous ( time-transgressive) toward 
theLiano uplift (fig. 5), reflecting the effects of sha.l
lower·waterand snOreIi\1e advancement low21'd the 
nor.hwest. 

Thelateral.and vertical distribmionsofthe rock 
units mat compose the Trinity Group (table 1) are 
sho'wn infigures6and 7, respectively. 'The gradational 
nature of the TriniryTO:::k units is indicated on the 
southemflank oftheUano uplift (fig. 72.), where basal 
terrestrial sediments W"'....reoverlapped byrnmnedepos
its as the EarJyCreta..."eOus sea encroacned upon the 
feature (Amsbury. 1974). 

The Trinity rock mllt.'>werecieposited 00 the . 
sou~fiank of the Llana.u'Plift ooringt1rree complete 
transgres,;ive-regress}ye,cyclesofsedimentation 
(Stricklin and ollie~'1~'i?J ). Eacb cyCle is represented 
by· a ·1ithogenetlC;. time ... stratigraphic sequence chaL-ac
terizedbyt.err;igen()us:clastit::deposits :rear~'baseand 
IParinesarbonatesedimentsnear,the top. The.Took 
reconl0feachcycle. or llrercigenous clasticlmai:inecar
bonatelXluplet,"iSse.I.'a."ated from the sucC"..eding cycle 
by .~. discom0rn.Vt.}'.J1:achoouplet gerrerallyonJaps 
rocks. of the~Yioll5cycle~d~nulTJentsamajor 
advarJCeofthe~lrCret:ac~.(}i:ts.sea.tenninated by an 
over<i!l mqp.in sea le~e1·orsome~d'.of equilibrium 
betweenl2¥dand~1l1 depositional ordetf;~e ·01.)"(1-

plets ndude:· {I) the SYcamore Sanct(Ho;st(jn Forma
tiop .. downdip) snd Sligo FormatjoIF,p)fkBrurunett 
Shale (I>lneIslaIl?Shale:Member. downa%pY'B.nd Cow 
Creek l;i,p;stone {Cow Creek Limestone.~ber, 
(iowndip);·and.(3}theHenseIS~d(BexarShrue,Vrem
her, downdip) and Glen Rose Limestone. 

While detrital sand&'1d grave~()fthe Sycamore 
Sand weredeposiied bya~cradingmtrimlSon the 
sott",-~rn. flank of the llano :uplift (mden, .1974). 

~ . - . . . . . 

1Z~lbHttt::uy1'$d MY::!rogooJ~S6Wng o! thO· E~~TrlnityAQuffur~t&m. Woat-eQ\~I ta:l(8111 
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mblJeOllS mud and silt of th~ Hoss~on Fommtion 
(Be'tx:>uumd others, 19S1)ac:::u:nulat~ offshore in z; 

trznsgressing sea. Dolomitic siltstone a..'ld rhythmical!y 
bedded ::nudstone of the overiying Sligo FODllation 
(Strid::1in and ot.1-Jers, ·1971 ) 'were deposited in shcllow, 
brac1dsh water ora regressive sea with a shoreline tha~ 
did not reach the updip limit (present outcrop arez.) :;f 
the Sycamore Sand (fig. 6). 

FolJo~'ing a period of subac.rial exposure end 
wide~;pread cementatior" the Trinity sea rapidiy 
returned (Stricklin and othe:rs, 1971, p. ] 4). Tne.a...rgilla
ceous HammeU Shale was deposited <liap slightly 
eroded upper surfaxs 0: tne,sycamore Sandat.cSligo 
Fo:mation. Thedominm::t: depositional environmen: of 
::he fIammett S~ile (and the rbwn!]jp -equivalent Pin:::. 
Island Shale Member ofthePea:salJForma!ion) was u 
wide, re!ativelyunrestn:;ted body of quiet water whose 
sa1injty ranged fromnormaImarine to brac1~isb 
(ATIJSbu:y.197 4-). 

The CovrCrcek Limestone mostly fo:med. as 
rugh-energy,bea::h.,dominated environ~ntbpr~ 
gradedseawardfromfue Llano uplift (Stricklin and 
Smith, 1973.). Lower parts of the unit appear to have 
been depositenoffshore under g;adoal{y shoaling con
ditions:. Coguina:ul ,the upper parts .of the unit probably 
formed'within:E shoreline reentra.nt. where.monusk 
shens funiishedbyslackened.longshore currents were 
sorted by waves refracted against. the curVed shoreline 
ofthe:eentrant. 'HigD-:-gradielltsL'"earTIS transported Pre
cambrian igneous and metamorphic derritusand P'.uerJ- . 
.zoic sedimentary rock fri+gments from theL1anouplift 
to the shoreline,where it.mixed ·withthe shell debris 
and extended the land area .. AEtheTeentrant fined and. 
theshoreline.stabilized,upperpartsof the beach 
beca.mesuba~ri:illy exposed. Anirregnlar topography 
and po6v.etsor calich:::. develoP--Aatoppm:ts or the Caw 
CreekLirrestone,as unconsolidatcdsediments were 
redistributed by the 'wind and stann waves and mete
oric water alternatejyJeached.antl precipitated carbon
ate minerals. 

Further stibsidence inthe ancestral Gu1fafMex,.. 
icobasin initiated the third and nmil major transgres
sion of me Trinity sea. The Bexar Sfuile Member of the 
Pea-scll Fonnation (Forgotson, 1957. p. 2.347)fon:ned 
as E. mixed, terrigenous olasti.c/c<rrbonate fades .m the 
"***fine~grained dis!.alpart of a de1tak system" that 
pwgr.adedseaward from the Llano uplift (LXlllCb, 
1977,p, 106). The HenseI Sand was deposited in.the 
updippart of L'1at system upon alluvial fans that coa
lesced into a lower-lyingcoas'"..aJ plain. which ID!'Z,ged 

OI~ the southanC: east veith the sr.allow-mar ..... '1eenvircJ!)
ment of the B~xur Shale. About this lirne,t...~ bas:.:~ Cre
ta~eollS sana (ROITI311ak, 1988) beg.arJ to f om: wes: of 
t.~e Llano uplli-"t asbraidec siTea.."11 deposits a:;::;u.l1U

Ja~ atop the penepJained.surface ofP.a1eozoi::; a....c 7:1-
asskrod:s (figs. 6, 7b). 

As sandy red beds of the updip Henser Sane 
for:rned in r.errestriill settings on the fiank& of fue Liano 
uplift, the Glen Rose Limestone accumUlated to the 
souti-rwest (above the basal CreLaCeous sand) and south 
(above the Bexar Shale) in comparatively jow-energy, 
shallow-marine environments. Du..,-j,n g early Glen Rose 
time, rudistreefs fjollr.sheC: in po=kets of.high)y~ir.:;u
lated water oriess than normal SHlinity (pe.rl:~"s, 1H74; 
Petta, 1'977). The reefa. structures vfuiisbeG C!shype;-sa
line condit:ons dominated late Glen Rose time, in 
response to reduced water circulation and increased 
aridity (Stricklin andAmsbury. 1974). Tne uppermem
ber of the Glen Rose Limestone was deposi1:ed in 
res".nctd. environments dominated by bro&o tida1.fiats 
in the lee of ruJ incipient Stuart City Tref hene (fig. 5) 
that beg3!l to build along the shelf edge during-middle 
to:iute Trinitlan time. .. 

The. rate of regioIlll1 subsidence during nilddic. to 
late Trinitian time was .greateSl lOwardthe south .. A& a 
result, thefui:;l:ness of the Glen Rose Limestonet!"iples 
between centrai Suttor: County and southern Kinney 
County. Jager (1942, p.384) att:ributed this sOllthWa.-d 
thickening to a rapidly si.rlklng northernfia:ri.koftheTJo 
Grandeembayrnent (fig. 5}.Trinity rock<;ln the study 
are2 were.deposited on the northemfian1;::ofthe. Rio 
GrrmdeEmbaymBnt(Murray, 1961,p. 128). 

. 'The sea v.'ithdrew from the study area during late 
Trinitian time. As .the shoreline receded to-v.mrd the 
southam1east,fuecarbonate-producmg marine- envi
ronmentsof theGknRose Limestone; were replacedln 
the southwestern part of the study area t>yafh.ivial
deltaic syslemthat deposited the M...m::on Sand (King, 
198D,p. 21). Vlhile the'l\1axonBand accumulated atop 
the G1en.Rose Limestone between southern Pecos 
County and eastern Edwards C~unty (fig. 6). alar,ge 
mudflat dominateddeposhionalconditioDE eM;: of 
Edwards COlmt)'. Thin bed:; of evaporitic, dolomitic,' 
and marlY .stl11taaccumulaied on the mudflat IT, envi
rOD::J)er..ts Cha;cllCi.erized by long periods of sub<rreai 
exposure ano-cementatian.Mudcradks. algal struc
tures, ripple marks. dinosaur tracks, and mollusk bor
ings cha..'<lcteristic of these environments were 
preserved near the top of the Glen ROs:: Limestone. 

. Aboutthe end ofTripjtiantlme, the~bOreline withdre-w 
". : .. 

.e;Wt..OG!C HtS"tot:ly 15 
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Table 1. Correlaiion chart showbg the chronostratigra;Jhic, Hthostratigraphi:, and regio:la! h}'drogeolog.c units in 
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ROCKS' ABSENY 

GEOLOGtC Hts:tORV ': 17 

07 OZ:1 



to a pasition parallel to and slightly north of the present 
day Balcom:s fault zone (Low and Smith, 1964,p. 
'?on 
_.J' ... ~ .• 

Comanchean Epoch: Froderlcksburgum ·tmd 
WashitBn Ages 

By.early Fredericksburgian time. an offshore 
biolle1'll1.ofrudists, corals, aoo ca.'"bonate deposits had 
grOWTi to an almostcontinuousreeffisland ridgeruong 
the seaward edge of.thecontinentill· shelfjntbe~e~
tral Gulf of Mexico basin (Bebout and Loucks, ]974, 
p. 6). This shelfmargin ridge, called the Stuart City 
reef trend (fig. 5).extendedfromnorthernMerico 
across nearly 500 mi.of soutw---astern Texas (Winter. 
1%2). Theaggre.<:Slve upward grcw.1h. of the Smart 
City reeftrendduringearly Fredericksburgiantime 
probably resulted from:arapidrise in sea levelthat may 
have iY-...entriggeredby ;anincrease in the rate of sea
floor spreading (Bay,1977,p. 17). 

The stuart City reef trend sheltered depositional 
enviro.Ylmentsin iliestuciy area from the deep,open~ 
marineconditions.in<the ancestral Gulf of Mexico 
basin.V&ile;w~rd..:'jlthse-..ceeOed 1.000ftinthe 
basin, they ranged from a few,feet to genern1iy less than 
1 DOft on tbe landward mllfgin of the continental shelf, 
·orcarbonatepl;1tfonn.~here&positiona1environ
:mentswere.she1teredfro1XlStr~~gwayeand current 
force5."V:ruk:,~ark,.~~nacep~s;8ediments.containing 
planktonic fOl1lwjnifera&:CUWulated basinward under 
generaliyredm;ing conditions~.cillc~us·.stratacon
mining wa.'"Ill-waterorganismsforme~ mshallow
marine· environments.·oniheparbonat$platfonn 
(Bebout and Loucks, ]~74'P\.'Z-6).'~\'aporitic and 
ool~itic strata formedover~gherpaJ1soHhe carbon
ateptiu:f()rnlOD tidillflats. w1ii~h'freguent.ly were sub
jectedto :subaeria) 'eX:posure. ~,adation.and erosion. 

The FredericbbUIBGr0upandmosti8f:,ilie 
Washita Groupofwest7centpil';'fexasttaD1e,1,) were 
~red leewardofth~ .. §t~~·City:r~ftre~tlllpona 
bro~ e~panseof lI~fl09rkiaiT~v~as;ti¥ Comanche 
shelf(Rose.1972),.AccorOing to C.1. Smiili(Umver
sity otTexasatArlington, oral commun .• 1989}, sedi':' 
mentation Dnthe Comanc~9shelf was control1~by the 
(1; climate. (2)inflm Of~p1genous clasticsedi1l]ent. 
(3).distributioopf tecro.'1ic?~bsic1~ce .~. upH~'aJld 
(4) energy level()fwavefuldcurrentactioa1beresult~ 
ing lithofacies. determinedtlrestr'dtigrnphyP.nd, 
£Qgeilier \\ith.fue effects of subsequent tectonics and 

diageneii&, the hydraulic characrer1sticsuf:ro::ks that 
today compose the EdwardS-Trinity ... quif:;:rsYl>tern. 

Elements ofthe Comanche shelffuat·nlost 
strongly .affected FredericksburgsndV<'ashlta deposi
tionaresnown schematically in figure 8. Tne lateral 
and verti=::al distributions oIme resultingro:;k units are 
shovinin.figures 9 andlO;resp-"Aiveiy. 

The central Texas p1atfonn Wag andongated 
mound on the Comanche shelf that e-r..ended from 
nor<JIwest of the Llano uplift to approximately the San 
Angelo area (figs. 8,9). The San Marcos2rch,.a com
paratively na.'lTow structuralhigh,.extended southeast 
from the Uano upllftto the Stuart City :reef trend. By 
early Fredericksburgiantime, the Llano uplift had 
eroded to a much Ies~prominent feature on the central 
Texas landscape thanitharl been during Trinitian time. 
Becnuse the central Texasplatfonn andSanJviarcos 
arch merged ·acros~the Llano uplift ... however. deposi
tionllienvironments,:inthesmdyarez generally were 
isolated from thoseofnorlh Texas. The Maverick basin 
will: a semiov~ de~ssion'nea.rthe;£;outherntnargin of 
theComanche.snelf.T.ne DevUs' RivertrenOwas~nar

... TOW cari:mruItehankcomposed largely 0f.~sts and 
reefaJ:debristhatdevelopei:taround the northem and 
wcstemmargins of thelY.iayerickbas~duringmiddle 
Frede...;pksburgianthrougnearlyWashitanurre.:The 
DevilsP..iver,trend.togetherwith;theStuart City reef 

trencLresmcte0· ~ pirculation of~~~wa1er andNOlated . 
depositionaIconditicmsjntheMa~~ckbaSin. 'IbeFort·· 
.Sto~kton basinwasaslowly.sub~ing,aeep--wa1er 
emba}llneiltthatexte~dedaorossthenorthwesternpart 
of the Comancheshelffromnorfuern Mexico .. < 

DurlngFrederlcksburgkri through~ly \\i~~lii~ 
:mnfune,\$erxnt;ij Texaspu:ttonn was~~g}' 
f!upratida1>lnterti~:.and restrictedsbaIlgw·marine· 
depositiorui1~virc)l1I11ents.Duringperlods of espe
ciallylow sC!aievel"~extremearidi~"the .crestofthe 
central Te,;.as:'platf~n becamea··tJroad.sabkha-type 
mudflat whereevaporites.d()lostone~aIl.diliin·bedded 
dolomiticlim~klIle ""ere . sited(Fish~rand Rodda, 
J(66)~Co~~arativelYlhl ...•.......••.... ded.':rudi~t .. 'bearing. 
bioclastic ~~at:f!strataweredeI-lOsited on the south
w?-~m flapkofWecer;t::a1 Texas platform in mostly 
Of>ettsfumOw-mafine~ .• ~.-s~eli[e~'1:ronments. 
H~~thewatertyp1can~,~:as de:Pef apdthecircui~ion . 
genera~Y¥las less res~q~d th~jn~ti~fifl1envi- . 
ronmentS'~tpre"ru1edover.thecres~.pflhe:rentraJ 
Texa'ip~~rm. 1V.tarly~--bonatestrata were..tle,p0Sited 
at this time in the FortStocktoIf"lJasin,an ~rnarine 
embaymentofmooerateiy dee,p~:quiet water.· ... . 
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Ftgure So Structural controls. on 1he deposition of FrederL"Y.sburg and Washitastrnta of the Edwards-TrinIty 
aquifer system. (Modifie~from Rose, 1972,fig. 2.) 
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,BOrBcho 

Formation 
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NOTTOSCALE 

CENTfIAl. TEXAS 

",'Fort Lancaster Formation S," ;> 
• Fort Terrett Formation 

Rocks of Trinilian age 

CENTRAL 'TCX4S PLATFORM 

Fort Lancaster Formation 

,:I=ort Terrett, Formation 

RocicsDfTrinitian age 

CENTRAL TEXAS 

PLATFORM 

Segovia Fonnation 

K' 
SANMARCOS 
ARCH 

'L' 
DEVILS RIVER MA VERICK BASIN 
'TREND: " 

PLATFORM 
!til 

'Fort Lancaster Formation 

Figure 10. Vertical di!;inbution of Fredericksburg and lower Washita Took units in west-centra:lTexas.(modified 
from SrriithandBrown, '1983) andlheir relationtodepositional environments. (See fig. 9forori~ntation of ,," 
diagrams.) " ' ' ' 
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The eastern part of the Fort Terrett Formation 
and the SegoviaFonnation (Rose, 1972) formed near 
the crest of theceritral Texas platform in mostly 
supratidal to restricted sha1low..,marineenvironments. 
The westempart ()f the ForfTerrettFonnation and the 
Fort Lancaster Formation (Scott. and Kldson, 1977) 
formed in mostly open shallow-marine to open..,shelf 
environments transitional to thecentrnTTexas platform 
and Fort Stocktonbas:iri.. 

The Finlay Formation, a cliff-forming limestone 
with quartz sand:iri. the lower part and rudists. in the 
upper part (Reaser and Malott, 1985), fonned during 
Fredericksburgian time in the Fort Stockton basin 
when it mostly was a shallow, open lagoon. The.Bora
cho Formation (Brand and.Deford, 1958)wasdepos
ited later ina deeper, shelf-basin environment that 
received fine-grained terrigenous sediment from west 
of the study area; The fine-grained,· silicicIasticnature 
of the BorachoFonnation inhibited the precipitation of 
calcium carbonate and growth of rudists in the Fort 
Stockton basin during Washitantime (C.I.Smith, Uni
versity of Texas at Arlington, oralcommun., 1989). 

The .San Marcos arch .wasdorninated:t!y tidal 
flats. and shallow water deposits' that frequently under
went uplift.subaeriaI exposure,and erosion. The 
Kainer and PersoriFormations (Rose,1972) that 
fanned over this arch are characterized bylateraIfacies 
changes, structural'thinriing,anderosiomilsurfaces. 

While depositionalenvir0D1l.lentsonthe central 
Texasplatf0nnand San Man;:~sarchmostlygotshal
lower duringFredericksb~rgian throughearlyWashi
tan time, majo~subsidence southofatestonic hinge 
line (fig: 5)kept.p~of southwesternT~xasandnorth
emMexicomo~ d7 Ply submerg~ ~~tectonic 
hinge line (Smith, 1981,p. 4)exte~dedJromthe San 
Marcos arph westwaI'dacr~ss M~, U"alde,Kinney, 
andVal VerdeC~lmties{:fig.2) to the 'BigBend area of 
Texas (fig.~). Weaterratesofsu?sidence south~fthe 
hln~e linetrjg~erexijfundamentalC!iffere!lcesbetw~n 
the stratigraphy of r'fks deposited~n th~~ntraI Texas 
platform.'iilld thoseaeposited in th~iMav~rickbasin 
(C.I. Smith, University of Texas atrulington;oral COnl
mun., 1989). 

Incoritl"asftomany depositional breaks north of 
the tectonic hinge line, the persistently submerged 
Maverick basin received sedirnentalmost continuously 
duringFr~ricksburgian andWashitan time. The typi
cally restricted basin environmentsgeneraIly were iso
lated fronlthos~rothe north by an intervening zOne of·. 
comparatively goodwater circulation, . moderate to 

high wave and current energy, and aggressive reef 
growth; the resulting bank of carbonate sediment and 
reefal debris is known as the Devils River trend (fig. 5). 
The Devils ·Rivertrend, on the west and north, together 
with the Stuart City reef trend, on the east and south, 
nearly encircled the Maverick basin and thereby lim
ited the extent of three lithofacies thatare unique to the 
basin: the West Nueces, McKnight, and Salmon Peak 
Formations. 

Bioclastic limestone of the West Nueces Forma
tion (Low and Smith, 1964) formed mostly below 
wave base, generally under open-marine conditions 
of normal salinity. Evaporites near the base of the 
McKnighfFormation (Miller, 1984) were deposited in 
. slightly restrictedintertidaIandsubtidal environments 
on abroad mudflat that sloped inland from theBtuart 
City reef trend. AI; the rate of subsidence increased 
south of the tectonic hinge line (fig. 5) and the water 
deepened toward the center of the Maverick basin, 
gypsiferous deposits that compose lower parts of the 
McKriight Formation prograded northward. Thin
bedded, finely laminated middle parts . of the McKriight 
Formation fonnedinaneuxinic lagoonal environment 
(Carr,1987 ,p. 70) thatproducedraw sulfur,petrolifer
ousshale, . and. dark organic-rich limestone. After the 
water freshened slightly, thin beds of anhydrite. and 
Clayey,lime mudstone accumulated in water approxi
mately150 to 200ftdeep and formed upper parts of the 
McXnightFormation (C.I. Smith, University . of Texas 
at Arlington, oral c:ommun., 198Q). Th~McK.night For
mation wascgvered witltthick bedsohelatively pure 
Iimemudstonethat characterize the lower tWo-thirds of 
the Salmon Peak: Forrnation (llumphreys, 1984), The 
lower few hundred feet of ScilinonPeak Formation 
amassed in open toslightlyrestri=~d basinaJenviron
ments,.Vlll.ere thewaterv;as appr~~tely300 to 600 
ft deep'9<>nditionsbecameJess restrlctedtoward the 
end ofS~on Peakdep?sition (middle Washit:an 
time),astheBtuartCityreef1rend began to disin~grate 
andth~conn~tionbetw7n~eMaveripk b~in:and the 
openseaim~~'Ved (C.I~,S~~.UniveI'Sity of Texas at 
rulington,oral!pOlDInun.,1989~. 

C~ncurre~~wit1i deposition insidethe1\1averick 
basin, the surrounding Devils River'lrendproduced a 
stratigraphit!~yundifferentiated barikofpart1y to 
compl,?~lydol~IIritized miliolid, sh,?!I .. fragm~~t,and 
rudist..,~g.limestone(Lowand Smith, 1954; p. 
291 ,,"2Q;Z;).N'~~1ll1",bllrr()wed,q~lomitic~.and evapor
itic rock;:sequengesthatcomposeth,?lowerlIalf·dfthe 
Devils River Formation (Miller, 1984) were laid down 
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du:il1g Fredericksburgian 6:11e. During most of \\':':5111-
tar,tlme, rudist :reefs flourisheD aroundtht northern 
p~;:-;meter of the Maverid: b811i:r..m open, sha11ow
ma-!ne environments ofmode:-ate to high wave and 
curren: energy. TheseTe;:rs may have stDodabovesea 
levelinternllttentJy Olli"ing middietclate V":asul1an time 
when extensive leaching, dolomitIzation. andrecrystaJ
lization o::curredhere, at; weli as in other parts of the 
study area CR.W. Maclay, V.S. Ge:ological Survey, wril
Ie11 COIThl1un., J 987). 

Mos~ of the central Texas platform was exposed 
subaerially, fcillowing 2 wldesprcadvlithdrawal of the 
sea toward the end of earJy \Va5hitar; time in response 
to an upwarping of the Comanche shelf (Rose, 1972, p. 
71). ApproXim.ately 100ft of] ower Washita. strate. were 
eroded from the c:rest oime San Marcos arch, where 
upper S'urfaces of the remaining rocks were ka:::;tified 
(Maclay and Small, 1983,p. 130). Soilandcaliche 
horizons dcvelopedwwzrdtbe north and west over 
emergent parts ofthecent.-al Texm; platfonn (Srnit[, 
and Brown,1983,p. 23). Ereshwater marl ancUime
stone (Halley a..'lQ Rose. 1977, p. 213-215)formedin 
mill'sny, lower -elevation environments toward tie 
SQum.a..'10 easlCaverns and otherl:::arstic features in the 
EdwardsPiateau(Kastning, 1983. fig. 3) and in the 
Balcones faultzone (Hammond, 1984,· fig. 15)proOa
blybe,ganto Iormdunngiliis ·mil:ic1ie: -Washitan ex~ 
sure to meteoric conditions(fig.:U).'The locaJregimes 
of freshwatercirculatioDsuggestedbyElIis(1986, p. 
110) wQ'JMbave he1pedflusnsoluble 'Constituents from 
the shallow sUbStL-face. 

The operiseaeventmilly retumedand'covered 
. the San Marcos arch with ilieGeorgetownFonnation, 
·anodul~BjigntlyargilI~ceous,gene~b·thirl-bo.,dded 

liIDestone. UpperpartsoftneSeg<:wiaaIlctFort Lan': 
caster Formations were deposited at this time over the 
cenn-.l1Texas platform'asbioclasticlline .kr:tdand mud 
were]aid. dowIlinrelativelyShalIow,agi~at;!a water 
(Rose. 1972, p. 11). Asboaling-upward;pattem.ofdep
ositionpreYalled~oundthen0rlbern riuugin. of the 
Mavetiqkt>asin,~.are~ujtofhl,!ffier •. w~"S.l:Uidcu.--r~nt 
energy~dagreater'~~*Drk:fug nf'.~dimen;s·it~the . 
Devils Riverreefb?..ru;,··atolJgue ofrelative1ypure Ume 
grainstone prograded southtlTaro into;1heMaverick· 
basin, forming the upper part ofth~ SalrnonPeak For
mation. The rate ofreefgrqwtb at thistimeprobablJ' 
exceeded t'1e rate of subsidence mtheMaverickbasin 
(Humphreys, 1984. p.56). 

;Fonowing~giona1 uplifLduring lateWashitan· 
time and additional erosion of seA..Jments fron: tbe crest . 

OT the cenrralTexar. p]atroml, tI1e open sea once agair, 
returned to w::sl-centraTTexas. The Comanche f>helf 
wasblanketedlNi.w"lsilt, cIay,ano marly limestone of 
the DelPJo Clay. This relatively thin (table 2), ope:n
marinete::-;:igenDlJS deposit topped the Maverick basin, 

which by late W~shitan tilDe was no longer character
ized by distinc! depositionai environments. Ca.-bonate 

sedimentation abated as file suspended sediment 
obstructed the feeding of carb8nate-producing organ

isms in environments no longer sheltered Vr-itbinfile 
Maverick basin or behind the Stua.."'t Cityreef trend 
(C.r. Smith, University of Texas at Arlington, oral 

conunun., 1989). 

Additiona1uplift and emergence of the centra1 
TexasPlatformjust before the end of Washitan time 

caused erosion tcstrip some, and in places all, of the 

upper Washita strata from the study area. TheWa'ihitan 
age. ended.as the deep se" retumerland blanketed the 

entire study area with a miD sheet of open-shelfIime 
mudstone, knOv,'Il ast1e BudaLimestone'~.in, 

Gufflsn Epoch: Eaglefo~n Through Navarroan Ages 

DUrin&Eaglefordian (early Glllfian)througb 
N!lvarroan (late Gulfian) fime,tbeBudaLime;;toDe""'as 

covered with.2.000toperMps4.00{) ftofsandstone, 
shale, marl,ani:l chalk(Wai:ers and:others; 1955, p. 

1.831), Except for Eagle.;::;o!<lsediments in western 
parts oftbestudyarea,rilbstGulf'strataformedunder 
]ow-energy, qpen~sheliconditions. Most Gtilfstrata in 

the.stugy areaarefine.,grnined,st!ongly.cemented, and 
v1rtuallylIDpenneable. 

. - - , ' . . 

. TM stody.areawas upIifted;at thec10se of the . 
CretaceotlsPeriod,inresponseto the Lw:amide orog
eny of northern Mexicn .anclihe· soutbwes!ernpaItof 

the UriitedStates(E",il1g, J991,p. 24).ExtensiveerO'
siopsub~eJ:JtJyremoved most Gulf sediroentsfrom 

the .studyar~Theremaining rocks includ~t.hoseof 

La.· te·Cretac ......... 00. us. 3. g .. e ... t,1.at.cU."P ... stee.. plybe.l0 ....... " ... '.· .. 1 ..... 00.· d. surE. Ii. ce 
east OftheOmdiitilstructuralbelt(fig.1?,andthin, . 

sparse remnants of the Austin Group and Boqui1las 
Fmmation atop.iheEdwards Plateau and Trans-Pecos. 
The Cretaceous System of tie study area thus is sepa
nltecifrom the Cenozoic Erathem by amajorunconfor~ 
Init)' (Adkins, 1933,p.517). . 
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n;,.s~ levej'of sunac\ .. dr.liJlitgc )0\;'(;[:; ili' slrcam:, "rode 
lieEper into uplifted SlraHi w"sl oj Baleooc.s faul, zone: 
dill Country ,tripped of most posl-T rin;!:: srrm..a. "yd,;mlie 
crlDdu~'tWl1y of ,;tr,u" OUL~j(k blui:'zorle t\eCf::<'SCS tuTOuplJ 
ccrnEnllllkm, rccrY'>l!lHizalion, and'rcpla.::cml"tlt: hydraulic 
condlJCln·its ofI:dwatch; ['fOUp inside fllulL7on<; m;:rClJl:[', 
through (jJl';sotmion una d~dolomiilzatJO!]; Join; cllvill"". 
;;olul.on ch;mnds. llnd hon~l'cambed7.{)ne, conLir,ut' W 
cnl.ar~~incr-.!:lsJfI~-rh~ fmnsniis.~jv;t.y of !;dl{wl)f(h i1QUljt'r. 
dynami~ equilibrium between fr<£hwatcr ;md :>;thnc ... akr 
r~chec <lcros" fr,,~hwat::r/&11iJle·.watcr rrilllr,irion' :~onc. 

7EiRTJARY: OJig(y~'L1W -MillCEJl<' E,1oclu; 

C:rotaceOUl> ~1rill~ disp;lIc~(l\'eniculiy as much a'i 1.200 leet in 
'haicot)C}: luui: zone'llY' higli-aliglcmmna) fliU!CS, cubnilWring 
[~tlsionl!l.bllildl:b jn.1>:fWOl SOOI't Oua;;mfa srru::wral helt. m; Gulf 
ofl\1exwo sUO!ilde:;; Ir.:lclilres in fJuli -zoot" wiLlen .as crosjont.: 
ulloacljng' proJ.:rc,.;s~x; gJOUud ..... whler,flo~· diverted to\.varu 
r,ortnc,w;! b) b:irrjcr IWJIIJ:; hydrnuhc condUC1ivity increases 
tiir'Jug.L rus$olurTon of previouslY huried t~\!tlporit.e!;. ma~ne$iurr. 
-!.':dcll~. and aragonitic coo!.1ituents ~-melcoric v .. nl~r enters 
t"'clicd tcrr..un und dr~ulater. through frdctliresand downti"DppCr' 
F.;ccl::rrr.t; dolomite rcpJuro:J b~'calci[L Ihroug:b d!'Goiomiliulim:: 
micrite ITCT)'SlliHil.e,' 10 coor •• microspanmd pseudospar; 
nCR(lward cl'O/'im towurd upli:rrO\\11 Edward;; PlatelluiniuatE'. 
£li1<sedioo ,of IcrraiTl'wcst of fault7,cnc; Gulf stml" eroded 
and rd!~r.ts1H!(lgulhi,·ard.. 

LATE CRETACEOUS 

Kar5t.m:rr1,~ci<I.and.(:altche hurf~L"CSburiedby upper 
Washil,- strrua (following repjonul :rubsldence) and Gulf 
S1rall, (lollowigg c<fupse.ofStilarl Cityreif.tTcnq); 
cai<:ile cernemillion ablttes;ktifS1l.bvclopmcnt ceas:: . .';; 
carbonare;scdiment,l,lIld .. "'f!10 compllCtion, with SlJ:'loliti;:alior: 
in deeply burled fllcles, ... ..•..•... 

LATE ... £.'>RL YCRETAC't?.oU5: Foliow!n!, middl"Washittm uplif1 

L.!Jv,'t!1' \Vashilastral1l clI.poscdsuhat:rially following upliL JOf 
Comancbe sheli';.<lP.i'f(»);imntely .100 fect.oJ'S1ralilc;rmletl frum 
CTCS{ of.S:ui'Marci)tarth;S'mlv1arcos~h and.cel1:rll; Tel;(L' 
plal form IoC'J.lJ} •. J:an.'1'.fied;prim!ll}'. porosity' en]:, rg(,d 
througbdissotmionof t'vill'oritkand t:"dlc:arcous ...•... 
ct:111sUl,ucntdnldlBliow.zone, offreshwllier circulation, 
with C"41IDonl1wcementatklflduwngr.ulicn:; fru~hv.~rcr marl. 
soi!. andcalich:> ho:iY,()nsiDrmec o\'er centr1il TCJ:'flS 
platlomt . . ...... . 

Eli,RLY CRETAOOeS· 
, , :; :.;,:- ",,~~<,,~;, t ' 

Trinh~, Fredeiicb;buTf, arid lowefW<WJit1< ~tT'.ua dcpa,ilca 
nuinlyin r=st!illL~llprl\tidal, intetUdlll,aooshaJl(,w 
IDaJ10Ccm:ironmcnl, on filowh' sub!.irlirm carbonarqJiillform 
in jC(,QfSruml CitjfC:!fl rena;u<lj!onitic COI15uloemli, 
higll~m;r;;lle~iu!Ti caldte,arlc.evBporitedCi::hed carlyby 
lo.::allydr;;ul~I".d meteoric waTer, hre..-;;ia ZOOCf> formed PI 
collapseo! overlyinG b~d<;; supmti;:la[ carbonal~ dcpQsiu, -
dolomil]ztdmJd·gypwrn,pn.,dp1l4ted:.m:u,,""Jlli(c lllld:rn<lgne:>I111D 
c.alcitt, 'Ct....-uenUi fbnm.~ in mi:::i.nc:'CnvirDn~nts. --. 

Figure 11. Continued. 
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Table 2. Approyjmate maximum thi~kness of Iithostrafigraphi::; untts tha: com;:lOse lhe Edwards-Trinity a~uifer 
S"ystem, west-centrai Texas 

LHhostrntlgraphlc unit tlllok!'!0&t. 

·0&91) 

Na\'a!To Group ••.•..••. _ ..•.•. " ........................... _ ................................... 500 
,7ayiof Group ..................................................................................... 500 
AIlstin Group .. _ ........................................................................... _ ... 350 
Eagle Ford GJ"O"..lP ................................. ; ..................... -. ..................... :50 
Buda Limestone ................................................................................ 200 

Del PJo Clay ........................... _ ......................................................... .170 
Georgetown Formation ....................................................................... 60 
Salmon Peal:: FOonaODn ............................ _................. .................... 500 
Devils iUverFcrrrnation ..................................................................... 700 
Boracho Fonnation ............................................................................ 410. 

Fort Lancaster Fonnation ............................................ _ .................... 405 
Segovja Formation ...................................................................... _ ..... 380. 
.Person Forination ............................................................................... 260 
iYicRnight Formation ......................................................................... zg5 
FInlay Formation ........................... - .................................................. 165 

Fort Terrett Formation ................................................. _ ........ _ ........... 300 
West Nueces Formation ............................... m ..................................... 260 
Kainer FOl'Illation _ ......... _ .................................. _ ............................ ,. 400 
r.1axon.Sand •••••• _._ ........................ _ .............. __ .•. _ .... _ .................... 200 
Glen Rose Limestone .......... -.-~.-..•• - ..... _, .............. _ .... _ ........ _ .. _. 1.530. 

Cox Sandstone _ ................ _ ............................................. _ ............... 170. 
Yearwood ;Fonnation ..... ~_ ......................... _ ..................................... '180. 
Basa1 Cretaceous sand ................................... _ ................................... 395 
Hensel SaridfBexarSha1e 
·Member of'Pearsall·Fo!'11lation ....... "' .... _ ........... _ ........................... 210 

. . 

Cow CrcekLimestooelCow Cre:ekLimestone 
Member ofPearsallFOr1Dation ............. _ ...... _ .... _ ........ _._ .... _._ .... 88 

Hammett Sha1e!Pine Is1a.'ld Shale 
.Member of Pearsall Fonnation ....................................................... 130 

Sycamore 'Sand .................................... _ .................. __ .............. _ ....... ,. 50 
SIigo.Fonnation ......................................................................... ~._ ••. 240 
Hosston Foonation ............................. _ ................. _ ............ __ .... _.... SBo. 

Maclay:and Small, 1986, table 1 
............ _ ............... ])0 ............................. . 

............................ .Do .... _ ....................... . 

............................. Do ............................ .. 
Sma11and Ozuna. 1993, table 1 

C.L Smith, written commun., 1989 
Rose,1972, fig. 16 
Humphreys, 1984, fig. 2 
Maclay and Small, 1986, table 1 
Brann and DeFord, 195&, fig. 2 

c.l. Smith, written commun., 1989 
Rose, l!172,fig. 23 
Rose. J972,fig.15 
Cru-r,1987,p.21 
SmaIl and Ozuna, 1993, table 1 

Rose. 1972, fig. 21 
Miller, 1984, p. 9 
Rose,1972 fig. 14 
C.l Smith, written commun., 1989 
WeIderand Reeves, 1964, table 1 

Brand and DeFord, 1958, fig. 2 
._ ..... _ ........ _ ..... _1}0 ................ _ ....... _ •• 

Romailak. 19!rg. p. 21; Wessel. 1988 '" 

~lay, 1945. table 2 

Amsbury.J974"fig.12 
DeCook. 1963, table'S 
Imlay, 1945. ,table. 2 .. 
............. : ..... _ ....... _Do •.• _._· ................. ~ .. 

Cenozoic Era 

Themajority.nf Cenozoic deposition in TeXas 
,[.vil'ilhl.mn anilE",; ng, 1912) o~curred 'southeast of the 
stud)' area in theancestralGuIfofMexico basin (fig. 5). 

area are: (l) na.."To'YStreamlY'.,.ds ofHoloceneallilvium; 
(2)sparse re:.rnnants ofPleistCY"venetermcedeposits~ ar.td 
(3) thick deposits ofTertW.-y andQuat~iilluvium 
aJ ong the Pecos 'River. 'Only the thickallu\'ium along 
the Pecos Rivermarkedly affect the Edwards.,.Trinity 

. Dnrin£: the Cenozoic Era. a :thicksuccessioD. of oillap
ping deltaic deposits built the Gulf Coastal PlaiD with 
detri:nlserodedirom paleozoic and Mesozoic rocks on 
the upliftedcontinenta1 interior (Wilhelm andB""''lng, 
1972): l"hemosfi:ID,poruu1tCenozoic units in the study 

-' .~' 

aquifer system .. ·• . . 
Aia:rge\vm-l.lme .ofCremceous strata. was ..•• 

removed from .1.he.srudy area as a result of posi.--deposi
tiona! dissolution. structural collapse, and stream erO:
sinn alongfue present course of the Pecos Rive:r (fig. 2). 

26 Geaiog1e HiIlkn}"anC Hydrogeologic Setllng or;ti,m Edward. Trinity Aquifer System, Wm-camrat Tsxa!l . 
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.~";" . -'-. 
'w.:.t,-:".';. 

During the late Mesozoic and early Cenozoic Laramide Nation: lJleEdwards aquifer of the BaIconesfault zone 
defonnation(HeniyandPrice, '19&5), llJl'ge solution (MaCl<ly~d SmalJ., 1 986). The Cretilceousstratainthls 
cavities fonned ;inthe underlyingPemiian:strata. as area w~re .downfaulted, intensively fractured, anddif-
halite,gypsum; and anhydrite . were dissolved by" ferentiaIlyrotated witbin:~series ofn6i'theast-trending 
groundwater (MrueyandHuffington, 195B).!I'heentry.,fault.bloeks. Ground-waterflow shlfi~t()waid the 
of meteoric water was-erihanced by,the effects pfa gen- nortbe1i$tin.response t~higb-aI:\gl~~barrier faultS that 
erah:irustal instability-and the'mobilitiofmassive.salt ,impeded or completelyblockedsollth,eastwardflow: 
depositslntbe:region {Wessel;] 988,· figs.ll~14) . .ABFlowpaths~cameincrea::;ingly.lnirainect~owai-d· the 
the overlying!frlasSicand Cretaceous strata. collapsed nortbeastasev~pOritesandunstahle carbonate constit-
intothe'solutioncavities,two elongated troughs.. uents dissolved frpmtbe fractured terrain .a.nddis-
(Batkerand Ardis, 'in press, pI; 2) fonnedbetween the charg~ inthatdirecrlontbrough sprmg§' and deeply 
southeaStern comer of New Merico and the noi'thwest- entrenohed. streams (Abbott, 1975). " . 
em part Ot' Peoos County: (Ashwortb; 1990,tfig.5). The, . ,Springs originated:iIl t()poWRpmcru)ylow ,~~, 
troughs filled.dUting'Tertiary and QuRternarytime with, where barrier faults interc~pted tb~ latera.1fJo~ 6fcon-
more than! ;5ODft'of-t31rlS and' alluvial ifill; .knownas' fined water atdepth:anddiverted iUo thesurfaee 3.Iong 
theCenoz,oicpecoshlluvium. . " . '. '/ avenues ofle~tr~siSiaDce(Abbott,'l977).Aqujfers 

SHicelate.Meso:l;oicfune, Iriountain~building developed asfloWJ>atbs ;(;ol1v~rged,towardSpriDgout;. 
forcesin'theTrans ... pecosllaveupliftedwestempartsof. lets,. andthe:roeks . became. more ,permeal>l~.~ough 
the study-area, ,w.1illeiserumentseastofthe Ouachita .' dissolution. Solution channels spre@outWaid from the 
structural'belt:mostlyhave;subsidedCWalper.and springs,~8nd,zOnes.ofhoneycombed,aoci'ca~ernous 

" ,'. ,,~" ': ' .. ' _.' .. ",'-. ~" .~:,.""" ;·"<'L'~.·\~<c ~'_~'>}:' 

Miller,"198$); 'Te:ns'iie ·stresses.accumulated·in :the.cr~porosityevolvt;dinto:major ;conduHsof.i'r9~:md-water 
taceous.siratll'vhere'they:stretCheo'ovenisuDken,;but flow,(WoodniffaiidAbhott,1986, P.·77),~l'he;rruljor 
structUra1ly:rlgidoUElrlhita's'tfu0tUraLbelt (Flawn, 1956, . . springs ~(fig.;3},Persisteti;and·coIltrdl m.Ofl;~;:pf>tentio
p;,32).,The'Ci-usta1:teIlsioJicrilrriitimed duriI!g'i:beTer-metric levels!and~charge :Pfi;ttemS ·(Bris:li·an~oth~rs; 
tiary:~eii.odYwitba~seriesofdiscollti.nuous;generallyen 1993).>;";,,, ..•..... ' ... ' ., ........ ,.',., . <;:';,,; .', .....• 

. eChelon"m6~tly:oo~n:.t~th~-souih~ast,· npnruil.faults ··.Guij'7'bound'streams.thathadbeeIlJp~;gradient, 
'(figi :45)[~nhorig1ithi'majority·oflarg~sc2J.e'fault- .mean:denn,iJeaturesbef()l'etbe,faulfuig.:}ve~.c)rii:of 
ingpf66ably:;wasdunnglate'Olig06erietbiorigb early .. ·eguilt~ii,J.lW~itJ:rfl1e.fau]te~tqpQ~p4y.CW~~d 

;il~l1!~~~~e····$~=~1i~G~· 
'. ..Th~,~~go.~elF,~@t:z()Jle:lsa1igned·wlth'thecur-:giess:~;guicJq¥;:nc,rth~~s~~~;~~s~';'th~:~li1cC>Il~s... . 
;=}ff~!~~~:7~a;-. ,escaq>melltto";ard;beEll"'atilSllIatea1i~OOd£ulfand 
Lower CreUlCeous-tliroughJ?rueOcenestiar.a :aithe ;sur- '. 
faCetM~y,j96lJ',:p::i'Z~Y.fniii,~p~ar;iO~e~tehd!Dtq.: • 
and ;iiispll1Ce~l'OCksr6f'tq~;1l:nderlyjng;structtira1:b61~ . 
~aC~y;ancl ~~aJt;;~tQ86;,~g'~:2)~::;nJ~jili~~rtfoftbe" 
Bruoones;fi1l1tfu "','i(jbabl:;'was'ifiHi~6nced'b~'r;lfues:of' 

.~~~~~-~. 
occuttoo,over;ilie Sa:n"arcosaroh :in13exat.;CoIDal, 
Haysi;aDiiTr~~is,9~?~fi#§.~Weeb,(~94?:,ri;.:1;;i34) .•• '· ... 
estlli:illtecltIi'e'toUildim:>laceIDeni 8cros,stbe;:aalcones .. 
fault:t6~beaootJt;1,20D!fellearBmlAritoniQ;andf!bout .' "~.Eroslori:even.tuany"-removedalrbut!minotrem-
900:ff~giiri4ustlil;~!;:",/·~"f G''''.··;'!;;;;''>:~fF':! .... ! .' .. ;nan~;~:fti1¢cfi~R~~~,and'W,~~~~tiata:'(i!iqst1~ 

'T1)e"Baloones -ralllti:Qg:Ctig;J\1 ).disn1p~iLthejat~ .... '!oftheEdwards:Gi-oup).fi'0rira2~to50~ml1~-\\,ici¢;area 
eralc~n.tiI1liity·ofth~Cf~~eoin~$tratA,irild:hritiated~' 'betWee9:tbe~aJR~~~:~~1i~nf1.a9d!~eJ3tr~ar~'. . . 
. ·hYdrogeblQgic'6ondiiioljstllaHilfinla1ely,prOducea'one Plateau. (fig •. ~tt:;rne.e~tt:inS~veiy;dlSsectedam:cCJWitry 
oftlle::niost ttaDsrriissiv~~&p~6aubtiVeaquifersintbe!! isch~teiiiedl:!yc~;Ei\Dsive,~o~,iqQij'9tl~i~~~cis~' 

v',·" - .' ." -.' .' .... '. ,-': •• ,:,.: ~?' ;;, .~_ .. - .' .. " .. ':" 

".", c" 



Limestone (of the Trinity Group) .. Because the rocks 
in the Hill Country generally were excluded from the 
vertical displacement,intensive iracturiIl.g,and sub
sequent dissolution that charricterizeth()se intheBal
cones fault zone,the hydraulicproperti.e~ of the Hill 
Country more closely resemble those of the Edwards 
Plateau and Trans":Pecos. 

Outside the Balcones Jaultzone, the dominant 
effects of carbDnate diagenesis (Bathurst, 1975) Dn the 
hydraulic characteristics of the Edwards-Trinity aqui
fer system result most importantly from cementation, 
recrystallization, and neomorphism. Neomorphismis a 
comprehensive tenn to describe processes ofrecrystal
lizationand replacement where· theririneralogy may 
have changed orit is impossible to distinguish between 
the mechanism of change. Most of the primary. inter
granular porosity partly Dr completely filled through 
cementation, and much of the original intercrystalline 
porositydecrea~ed through successive; stages ofrecrys
tallization. Uns~bleminerals, suchashigh-magnesium 
calcite and aragollite, mostlywerereplacerlqyrela
tively. stable low.,m~gnesium calcite . .Becausecemen
tation, r~rystallizatiori,~d replacement typically 
reduce or obliterate the porosity of carbonate rocks 
(ChoquetteanqfTay,J970,p.209),.~ehydrauliccon
ductivityofmostrocks in the study area decreased over 
geologic time .. Thetrendofd~creasmghydraulic . con
ductivity~ith increaSixlgageis typical of carbonate 
rocks(J~s~.1977 ,p.6~ifig.·16). 

··WitIllri~c; ·Balcon~s·faultzon~, 'however,the 
hydraulic.(;ondllctivity~~ne~ly.·hasincreas~through 
theeffec~of tectoni,?fra~turiqg1Uldfresltwllterdiagen
esis in humid, p~stCretaceousenviro~en~ (Maclay 
and Small .• J986,p.2S-:?2):]nadciitio~.toSf~ting. 
porosity (Il:OVlard.and ;!f~vid, ·1936) ,th~fra.ctmes 
erihancerl,hydraulic cong~c.tivity1:J)'.interconnecting 
existingp!.)res.'Th~su~~~uentdisso!ution of.unsUilile 
carbonateconstittleIltsre~ultedin. vu¥s,c~els, 
caverns. and variQHs~nds·offabric"seIectjye'porosity 
(Choquetteandl':rfY, 1~79, fig .. 2)that~ddi~~~lilly 
enhancerlhydnl~Iicco!,l~u,?~vity'¥eca~se .fiaptures 
typica11ydoseVlithi~creas~~g dep~~loVlland 
surfa~anddissolution ismostactiveycithin theshal
lower.zones pf'Wa~r-levelfiuctuation~Gmndand 
Strin~field, 1971, Pj.lt~86), the increase~~n hydraulic 
conductivitygenenOl~.areli1nited;to rockS nearest the 
land surface. 

~shallow. freshwater;~owregin'leprobably has 
exiStedintheBalcoIl~s fau1t.zones~nce1\1i()C.enetime 
(Ellis. 1986), when large~scale faulting ruptured the 

. . . : 
, . ---'. 
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aquifer in the Balcones fault zone is attributable to the 
effects of fractures that close with increasing depth 
below Jand surface and a history of larger flow veloci· 
ties near the surface. The Balcones faulting steepened 
hydraulic gradients and initiated a shallow, dynamic 
flow system that promoted dissolution, which 
enhanced the transmissivity of the Edwards aquifer. In 
contrast, cementation, recrystallization, and mineral 
replacement--caused by deeper,comparatively slug
gish ground-water circulation-combined to diminish 
the transmissivity of the underlying Trinity aquifer. as 
well as most strata outside the fault zone. 

The transmissivity of the Trinity aquifer in the 
Hill Country and the Edwards-Trinity aquifer in the 
Edwards Plateau and Trans":Pecos,likewise, is smaIl 
compared with the transmissivity of the Edwards aqui
fedn the Balcones faultzone. Secondary calcite fills 
most of the original pores in the carbonate rocks out
side the Balcones iaultzone, where joint cavities.and 
solution channels associated with large-scale normal 
faulting and subsequent dissolution are relatively 
sparse. Variations in transrriissivity outside the fault 
zoneprobabJy result morefromdifferencesin saturated 
thickness (Ardis and Barker, 1993) than from diage
netic and post-depositional rectonicactivity. 

HYDROGEOLOGIC SEITING 

The Cretaceous rocks of the Edwards-Trinity 
aquifersystemthintowardthenorthwest atop massive, 
comparatively jmpenne,ableand.structurally. complex 
pre..:eretaceousrocks.Frompredominatelyterrigenous 
clastic sediments in the east andfiuVilil..,deltaic (terres
trilil) deposits inth~wes4therocksofear~y Trinitian 
age grade upward irltosupratidaJ evaporitic and dolo
mitic strata," intertidal limestone < and dolostolle,and 
shallow-marine,open-sheIf, andreefaJ strata of late 
Trinitian,Fredericksburgian, and Wasbitanage. A 
thick, down:fauJ'tedremnantofmostly opell-"marine 
strata ofEaglefordiail tbi'oughNavarroaD age com
poses a smaIl;. Southeastetn. part of the aquifer system. 

The correlation chart on table ·1 shows the rela
tionbetween stratigraphic units in the study area and 
thehydrogeo]ogiciinitS of the Edwirds::Trinity aquifer 
system. The correlation chart combines pertinent chro
no stratigraphic and lithostratigraphic nomenclature 
with aquifertennino]ogy reCommemded in theTexas 
WaterPlari (Texas Water Development Board, 1990). 
The stratiwaphic nomenclature was selected from the 
results of stratigraphic research by colleges and univer-

sities, agencies of local and Federal governments. and 
industry. 

Stratigraphy 

Trinity Group 

The stratigraphy of the Trinity Group in the study 
area was synthesized for table 1 from several publica
tions. The correlation of the Trinity rock units is based 
primarily on descriptions by Forgotscin (i956), Lozo 
and Stricklin (1956, fig. 4), Brand and Deford (1958, 
fig. 2), Loucks (1977, fig. 4), and Smith and Brown 
(1983, fig . .3). Thelateral and vertical distributions of 
the Trinity rock units are summarized in figures 6 and 
7. resr....ctively. 

Sediments in the Trinity outcrop between the top 
of Paleozoic rocks and the base of the Glen Rose Lime
stone were originally called the Travis Peak Formation 
(Taff, 1892; Hill and Vaughan, 1898; and Hill,1901). 
After finding key disconformities and an <additionaJ 
shale unit within the Travis Peak sequence, .Low and 
Stricklin (1956) raised each member of the original 
Travis PeakFormationtofonnationalrank.Lozo and 
Stricklin (1956,p. 68) recoIIlIllended thatTravis Peak 
nomenclature be ,,*** deleted.from modem .strati
graphic terminology or reserved for use by laymen ... 
However, ;in recognition of usage.thatcontinues 
locally, the tenn"Travis Peak equivalent" is applied in 
this report to the outcrop and shallow subcrqp of Trin
ity strata in the Hill Country, torepresentthe combined 
Sycamore:Sand,.HammettShrue, Cow CreekLime
stone, and HenseLSaIid I table 1 L 

The Pearsall:Fonnation was .definedby Inilay 
(1945,.p.l,441) to include sediments above the . 
SligoFormation and below the Glen RoseLimestone 
thatrepresent"***the stibsuriaceequivalents of the 
Travis Peat formation of the. outcrop: " ThePears<1ll 
Formation is :applledin this report.tothe sribcrop of 
llinity.stratain theBalconesfaultzone,where it.con
tains the PineIsland Shale,Cow. Creek Limestone, ·and 
Bexar ShaleMembefscmd to· the s6uth~cent:ral··part of 
the Edwards Plateau (southeastem.Edwards County; 
fig. 6),where thefoTIDatlon js.notdifferentiated into 
members (table 1). 

The Hosston Fonnationtypically is asiliciclastic 
siltstone and sandstoneinupdipareas and a d()lomitic 
mudstone and grainstone in downdip areas. The down
dip dolomitic sediments grade upwardiDto supratidal 
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Bexar County, where theuriit~produces a distinct pat
tern on electric logs(Fo~otsoni 1957 ,p; .2,347). In this 
report, the Bexar Shale Member applies to tbegray to 
blackcalcareous :shalewith intermixed thin beds of 

evaporites and infurticlallimestone and dolostone of the 
Sligo Fonnation (Bebout and others, 1981). From a 
shallow-marine carbonatelithofaciesindowndip areas, 
the Sligo .ForinationgtadesupW,p •. towardthe Llano 
uplift (fig. 6), into the funigenousdastic lithology of' dense, finelycrysta:lli~elimestonepresent between the 
the Hosston Fonnation (jig; 7). ;Fartberupdip, .the Cow CreekLimestoneMember~andtheGlen:Rose 
Hosston,FormationgiruIes intothe~ycamore$an~ Limestone ,throughout the Balcones'fault zone. The 
(Lozo and Stricklin, J9~6)of theoutCroparea~ The Bexar Shale Member has beerlinterpreted as the fine':' 
Sycamore Sand is;ad~1;ic unit composedpredomi- grained, marineequivalentofthe';near~shore,terrige-
nately of quartzose sand andgravel,withsomeJelds:-nolis facies of the Hensel Sand (Loucks, 1977,p. 106). 
pathic and dolomitic .detIitusthatwas eIDdedfrcimthe The Hensel Sand (Lazo aDd :Strickli'n, 1956) 
Llano uplift and dCPositedon itSflariks by aggrading comprises aweakly cemented' miXture of.ferroginous 
streams (Anlsbur,Y, 1974,:p. 6). ' . " clay,quartzand.calcareous sand(cr()ssbeddedin 

The Hammett Shale (LOzo and Stricklin, 1956) pIaces), mid chert anciclolomite :pebblf!s, whichtypi-
in the Hill Countryhastbe same stratigraphic position cally fonnabasalconglomerate (Inden; 1974), The 
as thegeneticallysinillarPirie Islanci Sha!e'Memberof clastic sedimentS of this time-transgressive unit 
the Pearsall Fonnation (Forgotson, 1956) intheBal.. weatherto.a distinctive nonuniform, rusty-yellow hue. 
cones Jaultzone (table ~1); the differentnomenclatme The downdippart of the Hensel Sand grades northwest-
.reflectsthepieferred,usag~ineach.·area·(Murmy,1961, wardiIlto'the, genetically similar basal' Cretaceous sand 
p.30S-309)/J'he'Pirie:.ISlaritlShaleMemberextends . (fig .. 7b).Tlleupdip·HenselSand, oIlthe'so:tltbem flaDk 
eastwanl.frOin.theBBIconesiaultzone andiso~ofthe of the L1an(,.~plift (1ig;7a), has beeninterpreteclasthe 
mostpefsistentLO~ei'CretaCeousrocktiriitSofeast" clastic,shorewardeguivalentoftheGlen·RoseJ]me-
Texas. 'Thei.tp<ljp :~ett:Shale!YPical!yis ;a:highlystone:($ir.ick liDaIld oth~rs, 1971). '.' . ~. 
burrowOODrixtuI'fi.of:dlly,:terrigenoussilt;limemud, . ··TbeiGlenRoseLllDestone(I.;ozoandStrick:llll; 
silt .. sized:d()lomite::8nd~othetcarbo~ateparticiies·· 1956)iS·:asmi4y.,fos.si1iferouslirii~stone:and doloStone 
(Amsbury.1974). ;Th~.do~dip~eIsland Shate ·.characterlzedbyrepetitlous'i11terbeds of calcareous 

. MemberisprirDari!y a'gr~ytO:biackcalcareousshale mail,clay, .• andshalewith latera!1Y;persistentstringers 
.interbOOd~witn;;t:ien~egnly,.liniest6Df::(FoJ:gotson, .. · ofgypsuma~:u~~ydri;~;.Th~;'~~~);lowei,mem-
1957).:The.f{anunett'ShBleaIldthePineIsland:Shaleberoftbe Glen1U)s~Limestone .cOIl!pnses.mostl,y 
~mber:interliiiier:;veiUcany;~th:th~.~ver~}4ng'Cow 'meditini"thick;bCds\of'liInestone,;,dtil()stone"Bnd~dolo-
creektiIDeStoneand\cow?f~kLiffiest()ne:ldember. IDitic1iinesio~:'witbdivers~mo1iusk;ass~IDb~es:~d 
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figure 6 by az.i.gzagpattern between northern Blanco 
and southern Pecos Counties. In the soutbern parts of 
the Edwards Plateau and Trans-Pecos,the Glen Rose 
Liinestone generally is overlain by the Maxon Sand. 

The Maxon Sand (King, 1980, p. 21) predomi
nately is a brownish, well indurated, coarse- to 
medium-grained, CTossbedded sandstone, with lesser 
quantities of conglomerate, mudstone, and limestone 
(Butterworth,1970,p. 4). The sandstone is composed 
mainly of quartz with minor quantities of feldspar and 
heavy (metallic) minerals erOded from Permian and 
Triassic rocks northwest of the study area. Theconstit
uents generally are consolidated with calcite, hematite, 
and kaolinite cements. The Maxon Sand forms con
spicuousledges atop the Glen Rose Limestone where 
these units CTOpout along escarpments east of the Mar
athon uplift in southern Pecos County (fig. 6). From 
TerreD County eastward,the Maxon Sand is covered by 
the FortTerrett Formation. 

The (informal) basal Cretaceous sand (Smitb and 
Brown, 1983) is the orily Trinityroek.unit in the north· 
ern part of the studyarea (table 1,fig. 6). The basal Cre
taceoussand underlies tbeupdipwedge of Glen Rose 
Limestone in southwestern parts· of the stUdy area, 
where· itisstratigraphically· equivalent to the Hosston 
Formation, Hammett Shale, Cow Creek Limestone, 
and HenselSand (fig~ 7b), North oftheuprup limit of 
Glfm.Rose Limestone, the basal Creta.eeous sand 
underlies either the Finlay or Fort Terrett Formati~ns of 
Fredericksburgian ageandinc1udes sediments equiva.: 
lent to the Max;on Sand;~ The basalCretaceoussaridis 
identic:altothe "baseDlentsands,~I .. "TrlnlrYsand, "and 
"basal· CretaceouS. sandStone"·· of preVious ·reports' and 
incorporates the YearW()otrForrri~tion and Cox Sando. 
stone of Brand and Deford (l958)~ . . 

.'·ThehasaI Crefaceoussand;]arge~y ofafluVial': 
deltaic ongiO, genera11y.consists of varying mixtures of 
sandstone,siltstone, and.conglomerate;The major con
stituentsarewell-rounded fragments of quartz, chert; 
and feldspar derived,from Permian and Triassic red 
beds. Caldteis the dominant .cement,butdolomlte, 
ankerite, silica, kaolini~'andhepmtite are prevalent 
cements Jocally (Romanak,1988, p. 27). This diverse, 
areally extensive unit grimeranyisunfossiliferous and 
varies vertically an41aterallyincolor, texture, compo
sition, and'degree ofcemeI1tat:lOJi~ The lower part of the 
unit generally is coarse-grainetI,· and a fine: to medium
grained' sandstone' replaces a basruconglomerate in 
places. The finergrained,variegatedmicldle paitoftbe 
unit iscrossbeddedinplaces andindurat:ed locally with 

calcareous cement. The upper part of the unit contains 
small quantities oflimestone and thin, calcareous shale 
interbeds. 

Fredericksburg and Washita Groups 

The stratigraphy of the Fredericksburg and 
Washita Groups in the study area (table 1) was modi
fied from reports by Brand and Deford (1958), Low 
and Smith (1964), Rose (1972),.and Smith and Brown 
(1983). The correlation chart links: (1) the Edwards 
Group of Rose (1972) in the northeaStern part of the 
Balcones fault zone and eastern part of the Edwards 
Plateau; (2) the Devils River, West Nueces, McKnight, 
and Salmon Peak Formations of Lozo and Smith 
(1964) in the southwestern part of the Balcones fault 
zone and south..:centralpart of the Edwards Plateau; 
(3) the Finlay and Boracho Formations of Brand and 
Deford (1958) in thenorthwestempart of the Trans
Pecos and western part of the Edwards Plateau; and 
(4) the Fort Terrett and Fort Lancaster Formations of 
Sniith~and Brown (1983)intbe southeastem:part oftbe 
Trans.,.Pecosand north..central.part of the Edwards Pla
teau. The lateraland vertical distributions of tbeFred
ericksburgandJowerWashita ToCks are summarized in 
figures.9. and 10, respecti ve~y. ., 

The Fredericksburg Group and lower part of the ' 
WaShita Group aresupersededinthe.northeastern part 
oftbeBalcones fault zone andeastern part of the . 
Edwards Plateau by the Edwards Group of Rose' 
(1972) .. ln the northeastempart of the Balconesfault 
zone, the Edwards Group consists of the Kainer and 
Person Fonnations (fig. 9). In the eastempart of the . 

.Bdwards;Plateau,the.Edwards .Group copsists of .the 
FortTerrett·and.S~goVia;Formations. . . 

Acfossthe western p~ of the Balcones fawt ' 
·zone,.the ,south~estern part·oftheHil1 Country, aIld· 
• thesouthempartofthe .Edwards Plateau, the FortLan'
casfur:F01:t :rerrett,Kainer,Person, and Seg~~iaFoi
mations lose their identities against a·narrow, semi oval 
carbonate:baTIkthat isknbwn as the DeviIsRivertrend 
(figs~5,10b). The Devils RJvertrend ~aps around the 
northern part of the Maverick basin (Wmter,1962), 
whicn rusois bounded by the Stuart City reef trend .on 
the south and by the San Marcos arch on the eait.The 
Devils Rivertrend, represented stratigraphically by .the 
Devils River Fonnation (Mlller,1984), is a composite 
of i:iOlostone, fossiliferous limes1one,.and~fa1 debris 
(Lozoand Smith,J964,p .. 290-296).,The lower part 

·of the Devils River Formation is stratigraphically. 
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continuous with lower, dolomitic parts of the Fort Ter
rett and Kainer Formations. However, because the 
Devils River Formation is relatively homogeneous 
from top to bottom, it is impractical to subdivide this 
formation stratigraphically except to recognize infor
mally the lower (dolomitic) and upper (limestone) 
parts. 

The Fredericksburg and lower Washita units of 
the Maverickbasin (Lozo and Smith, 1964) are the 
West Nueces, McKnight, and Salmon Peak Forma
tions. The West Nueces Formation is a transgressive 
lithofacies that closely resembles the nodular,shell
fragment limestone at the base of the Fort Terrett For
mation and in lower parts of the Devils River Forma
tion (Smith, 1979, p. 15). According to Maclay and 
Small (1983, p. 132), the McKnight Formation is a pre
dominately euxinic deposit that 1/*** grades upward 
fromthin-bedded carbonate mudstones topetroliferous 
shales and evaporites and terminates in alayer of pel
leted grainstones:" The Salmon Peak Formation 
(Humphn~ys,1984)predominarelyisa dense, thick
bedded, deep~water mudstone that grades upward to 
a crossbedded, rudist-shell grainstone (Smith, 1979, 
p.16). 

sniith ,and Brown (1983) extended the Fort Ter
rettFormation(Rose, 1972) to include Fredericksburg 
strata in the central and westemparts of the Edwards 
Plateauan~ iillIlost of eastern' Pecos and Terrell Coun
ties of theTrans.,Pecos(fig~ 9). The(Fort Terrett Forma
tlonexhlbits strong JateraFcontiD.riit)',.featuring a basal 
transgressive unitoverlainby:a distinctiveburfowed 
zone,whichis in turn overlainbythin-'to,medium
bedded bioclastic limestone and dolomitic strata. 
Although the effects ,ofdoIonUtizationand neomorphic 
alteration within the Fort TerretfFormationare preva
lent in the eastern part ofthe:EdwardsPlateau (Rose, 
1972, p.2~'6), these effects aremuch less commonin 
the wesieirl part.)nterbed&edgypsum of the '~Kirsch
bergevaporitez6ne~1I or a collapse breccia resulting 
from dissolution Offue gypsum, ismost'commonin the 
northeasterhpart of the bdwaillsPlateau. 
"Th~ Fort Terrett Formation grades into the Finlay 

For::mation neaithewestem lilllitsofthe study area 
(figs. 9. lOa), where the Firilay Formation (Brand and 
Deford, '1958) unconforma.blY·ovetlies the basar Creta
ceoussand ofTrinitla:O age. The'Pinlay Formation is 
composed mostly of gray, massive to thick-bedded, 
cherty and marly limestone, with in~~beds of gray to 
brown quartz sandstone and shale near the base and 
thin- to thick-bedded fossiliferous limestone near the 

top (Reaser and Malott, 1985). The Fort Terrett Forma
tion grades southward (figs. 9, 1Oe), through the Big 
Bend area of Texas, into the Telephone Canyon and Del 
Carmen Fonnations of northern Mexico (Smith, 1970). 

The Boracho Fonnation, which unconformably 
overlies the Finlay Formation, includes all the Freder
iCksburg and Washltastrata between the Finlay Forma
tion and the Del Rio Clay, or the Buda Limestone 
where the Del Rio Clay is absent. The Boracho Forma
tion (Brand and Deford, 1958) characteristically is 
limestone and marl, with the exception of the basal 
part, which predominately is thinly laminated, yellow
ish shale. This shale unit weathers to a distinctive 
slope-forming horizon characteristic of basal Washita 
strata throughout the Edwards Plateau. 

The Fort Lancaster Fonnation (Smith and 
Brown, 1983 ),composed of uppermostFredericksburg 
and lowermost Washita strata in the north-central part 
of the Edwards Plateau and eastern part of the Trans
Pecos, is equivalent to the Segovia Formation on the 
east and the Boracho Formation on the west (figs. 9, 
lOa). The Fort Lancaster Formationwas deposited 
mostly.in open sballow-'marine to open~shelf environ
ments (Scott and Kidson, 1977,p. 174) on the south
western flank of the central Texas platform in water that 
deepened toward the F9rt StoCkton basin (fig.5). Rela

·tively thick-:bedded, rudist-bearmgJimestonehelps dis
tingUish, eastemparts ofth~ Fort Lancaster Formation 
fromtheg~nerally,thinner-bedded, dolostone and dolo
miticlimeston~ of the S~g()viaFormation tha!formed 
concurrently inintertidal andrestiicted:sha11ow-marine 
environments atop the Central rexaspl .. tform. The Fort 
Lancaster Formation thickens toward the west and 
south andslloWS ,a decreasmg, density .qf rudists and 
miliolid and shell~fragnlent gl'~tones toward the 
west and north, with an increaSing inCidence of ammo
nites,pelecypods,arld marly sectiments(C]. Smith, 
UniversiiyofTexas at ArlIDW:on,oral commun., .1989). 
The Foriumcaster Formation grades southward (figs. 
9, IOe), through the Big.Bend;area of Texas, into.the 
Sue Peaks and Santa Elena;Formationsofnorthem 
Mexico (Smith, 1970). 

. The marly, nodular limestone ,that composes 
basal·parts of th~Fort Lancaster and Sue Peaks Forma
tionserodes tqadistinctive~~s-c,?veredslope over 
much of the. Edwards Plateau and Trans-Recos (Smith 
and Brown, 1983,:p. 19)~ Thecbaracteristicoutcrop.of 
this ammoni~-~nghOrizon has helped geologists 
map the Fredericks1:nlT~i~-Washitan boundary in· the 
field for more than l00years. 
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The DeJ Rio Clay on the San Marcos arch con
sists of dark bluish-gray, calcareous, pyritic bentonitic 
clay and shale, with scattered mol1uskfragrnents and 
peJagic foraminifera (Rose, 1972, p . .27). In the eastern 
part of the Edwards Plateau, the Del Rio Clay is a 
yellowish-brown, soft calcareous day contairiing thin, 

reddish-brown silty streaks and coguinoid lenses of 
small oysters (Rose, 1972, p. 43). In the Trans-Pecos 
and western part of the Edwards Plateau, the unit is fos
siliferous (with some ammonites) and consists mostly 
of interbedded calcareous and siliceous flagstones and 
marly limestone (Adkins, 1933, p. 388-396). TheDeJ 
Rio Limestone almost everywhere contains pyrite that, 
upon weathering to limonite (iron oxide), renders a 
characteristic yellowish-brown tint to the outcrop. 
From a maximum thickness of about 170ft near the 
town of DelRio (fig. 9), the fonnation thins in alI direc
tions. Only thin, scattered remnants exist in the western 
part of the Edwards Plateau. 

TheBuda Limestone on the San Marcos arch 
is a light gray,porcellaneous limestone with pelagic 

foraminifera, .fragilemolluskfragments, and·micro
spherulites (Rose,J972,p.27). In the eastern part of 
the Edwards Plateau, this open",shelf limestone consists 
of noduIarmicrite,moIlusk· . .fragmentbiomicrite,and 
marlyinrerbeds(Rose,1972,p. 43). In the Trans
Pecos, where the unit typicallyis exposed atop mesas 
as alight gray to whitecaprock,·theBudaLimestone 
is slightly argillaceous,jocallycrossbedded, and 
extremely bard (Brand and Deford, J 958,p.385).Frac
tured surfaces of Buda Limestone generallyarehackly 
or conchoidal and weathered surfaces t}:picrilly are 
nodular •. 

The Del Rio Clay and Buda Limestone of Wash

itan age (Comancheall Series)~eo"e~lainiD. theBal
cones faultzorieby EagleFord, Austin, Taylor, and 
Navarros~e~ts of the Gul£anSenes(taole "l).·The 

Eagle Ford-NavarroTcCkseguence isthickestin the 

Balcones fault zone whereitforms the bulk of the 
Navarro~Del Rio confining unit, whicht}:picalIy.is 
thicker than 1,000 it (table 2). The Eagl e. Fcird , Austin, 
Taylor, and Navarro Groups consist primarily of inter

bedded shale, siltstone,limestone, chalk, and marl 
(University of Texas, Bureau of Economic Geology, 
1974a, 1983) .. 

Regional Aquifers and Confining Units 

The Cretaceous strata in the study area are 
divided into three major aquifers and two major confin
ing units (table 1). These divisions are based on 
regional contrasts in hydraulic conductivity that deter
mine the relative capacity of the differentrock units to 
transmit ground water over large areas. The hydraulic 
conductivity of the strata mostly was inferred from 
aquifer-test and specific..,capacity data, and an inherent 
relation between stratigraphy and hydraulic conductiv
ity.The aquifer-test and specific-capacity data were 
obtained mainly from Walker (1979), Rees and 
Buckner (1980), Ashworth (1983), Baker and others 
(1986), and Maclay and Small (1986). 

The relation between stratigraphy and hydraulic 
conductivity results from the fact that the stratigraphy 
reflects the lithology and distribution of the various 
rock units or fonnations.Each formation is the result of 
a relatively consistent set of depositional, tectonic, and 
diagenetic conditions; hydraulic conductivity evolved 
from these conditions. Therefore, the hydraulic con
ductivityof strata for which hydraulic .data "were not 
available was inferredfrom·the relation between 
stratigraphy and hydraulic conductivitr where that 
relation was known. 

The regional aquifers are composed of strata that 
are permeable mainly as the result of fractures ,joint . 
cavities, and porosity caused 1::IY the dissOlution of 
evaporites· rind unstable carbonate constituents. The 
confining units comprise comparativelyhnpermeable 
strata that are.continuous over more than ·100 mi2 and 
.affectregioDlllpattemsofground-waterflow and store
age; The.confu:iingunits are mostlycaIcareousmud
stone;si]tstone, and shale oflow",energytenigenous 
and open..;shelf depositional environmentS. Because of 
the"Tegional scope of.theRASA study and thelleed to 
generalize from site-specific data, the aquifers include 
some .confining strata, andthedonfining units .contaID 
somestratapenneable enough tosupplysmiill amounts 
of water lOa few wells m.limiteaareas .. 

From east to west(fig.2),.the three major aqui
fers are the Edwards aquifer in ilieBalcones fault zone, 
the Trinity aquiferin the Balcones 'fault zone and Hill 
Countr;y,and the Edwards-Trinityaquifednthe 
Edwards··Plateau and Trans..;Pecos;l'he.Navarro-Del 
Rio confining unit covers about70 percent of the Bal
cones fault zone, and the Hammettconfiriing unit sub
crops beneath about 80 percent oftheHHICouniry and 
less than 10 percent of the Edwards Plateau. 
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The Hammett confining unit is 1"estrl~ted. to the 
Hill CountIy and southeastemmarginofthe'Edwards 
Plateau,wher~structural displacelDent oftllehydmuli
cally tight Hanqnett $haleliasbeen:ljifuor @arker.arid 
Ardis, inpress, pls.3, 7.· aridB).-yeJ:ticalcliSplaceIllent 
of the Pine Island.shaleMemberofthe 'Pears~llcForina
tion prevents the dOWndip~equiv~~nfofthe HllIiimett . 
Shale from being 'an . effective regional. c6nfiningumt 
within the;Balcones faultzone. . 

.Incontrast,tli~ Navario~DerRioconfiningunit 
is restricted ·tothe· Balcones fault 'zone (Barker and 
Ardis, in press, pis; 3, 7). ,Fromtopto bottom, thiscon~ 
fining uclt includes the Navarro Group, Taylor Group, 
Austin Group, Eagle:FoJ:dGioi1p~BudaUmestone.:and 
DelRio Clay. Although vertlcallydiSplaced within the 
Balcones fatilt Zon~,the combined thickness (approxi
mately 1,500 ft)ofthese r~kllriitstypically is more 
than lOtinles themaXiminnthiC:k:ness of the Pine . 
IsiaDd:ShaieMember(130f~:table2) .. Despite·thefault 
displaceIDe!lt,the -~avarrq,:p~I'l?o,COIifining uIrifis' 
comparatively continuouswifllln the Balcones fault 
zone, wh~teit:is efi'ective aS8.cOJ:lffiiingmediumatop 
theEdwardsaquif~ ., .. ". " 

Thin, scattered remnants 6f1:heDei Rio. Clay and 
Buda £iirlestone-;]jlus.min~oll:tcropsof,Gulfstrata, 

overlie·p~:.~!'~~;~W;~s,;~!!teau:§g~~~~~p.ecos. 
None of these:recks isJaloWri,toyiel~watedo wells." 
How~~~,.tl:.eiTQCks;~enot:regardf:d;as:coIifiningunits 
west,oi:the,Biidoile~fa.uiho~i~ause norte1s Qirectly 
uniier§i~lJy~~~~fh~:r0§14" . . . '.. . " ' 

:" .' .. From~:nijDiJn~.:tlPiesson~ss.ihanj,oOOft 
in;ilie'ouici9P:Fea~:~ '·~·~fCi~mce9~s"~~iID¥it:;. 

.. thicke~:downdi:R~to:m·\ O;OOQ;ftnear:the' . 
a!t~s~;t;h~~;~g~~~~. \, . ~;Qi:'l~)t?;~~rTh~Y;;;c; , 
Edwarcls=-rrirrr ." .', '·ulfetsstem1SJ.ri1he·ll .... A~ ""'weStem ""......... . "'0.,,,,,,,,,.,,1:),. ag'u''t,0";L,~,:..{0k/·.+;;.·0c.,,. 'u",.,~:e~, ·'>2',.(, . 

halfOf.this weef ew:nereteiiigeri6us ClaSucand.terres-
trla1,s~~Jilliil~~iirtyi'tifi1gankig~,gritdd~ijpwarg:3nd. 
gulfward. mllimili1ne;car1IDrutt~'r6cks,ofIateTriDitian, 

. 'Fred~ffc~~Tiigi3i1~;~~~ffi~fag~::mh~~g;o~nd-,,, 

Balcones FaulrZone 

TheEdwardsaquifedIi the Balcones fault zone 
(fig. 3) is one of the mostproductivereservoin; ofpota
'ble . ground water in the NatioIi. The aquifer exists 
withini'ritensively fractured and extensively . leached 
Washita·and··FrederickSburg strata (table 1); the , 
hydraulic conductivity of the undedyingTrinity strata 
is negligible by coJIlparison. The U.S . Environmental 
Protection Agency has declared the Edwards aquifer a 
sole-source aquiferinthe San Antoruo area, where it 
servesthe,d6rnestic,public-supply. indllstrlal,and.agri
cultural 'needs of more than 1 million people; The ecOD
omyofMedina and Uvalde Counties, southwest of San 
Antomo;pIunarlly is' based onfamiliig and ranching 
activities thatilepend on water fromtheEdwardsaqui
fer. Toward' the northeas~ between San Antonio and 
Austin, the:Edwardsaquiferdischarges toBarton, 
Comai,aridSan.Marcos Sprfugs(fig. 3), which help 
supportthe localreereation and tourism industries. 

.' Ground-wateiconditions in.theEdward~:~quifer 
haveevolvec.i ffoIIl tectonic arid diagenetic events:', 
superinwosedu~()nd~~sitiona1produc:t,Sof~~$an 
. Marcos arch (Rose, 1972). ,DeVi1sRiv~ tiendmozo 
and :SiIn~:19~)'8!1d:N1avencl(pasiIi ;(Wnitel",1962). 
The parrdfthe:Ed~ards;iiqWier;that;forined.·on:the,San 
:Marros:arcih8DIHn:the.DeVilsRivertrendextends.from 
the901or~9, :1:li~er,tfuougheasterp:.Iiva1de County:, 

:". . .: .. ,>,. s'w-"/· '-'". '.", : "." '.'.<-1;'"' ..... '" . "''''';;'' '." '-'<". ," '. ,., 

,.(fig.:2);The;pBrtoftheEdwaI'ds:aquif~fl:illt;fonnei:rin, 
, <theMliveric~;b3SinextendS :fi:om:west~traJ :Uvalde· 

doun:tr,:t1ti~~~~,e~t~en~;~~~'9~~#i&~,.~~;sec-
tion;oftthe.1Ii \Cliscussesground.;wafur:eonilitions in 
theEdw' .' ,~tbf;~entrilFtJva1de;CmI~iY; 
,.(~g.s. ;2i5;" .' .'.' ';fI:i~~fonnedon,.th .... ~i" 'Mar
cOs ari5h ( .. ' . .'. " rs51i;imd Kairi.erF~' ons) 

~din~~?Bk~p,~~~~~;T~~W~vil$.Ri~erF9~" 
:ti0ri:).GroiultJ.::,water¢onditionsin.f;9UlvaI~D:trocks·,· .. 
tfuttt~;~~1h$L: ... ,~9t~~~~£§~re!1At~, .;,: 

. McKnigltt:,and:W~~ . e~'FoiIDatiom);;n- 'SCllssed 
in:the;~ward.smlatea'nbn,!as .,.,., ... ~" . c;con~ 

ditio~1i~jW~st,,~(~, ••... :·~thro!. ;caSf£~n~7". 
Kirule'·~Countie~:··(aillie'\vestemm6st:endi6f.ihe;Ba1;'; 
coIi~s'ltiillfi~rie5~~:n;i);i'fik:;~ihti~~lttih~lftI~~ds- , 
··Trinityaquffl~r?fu'thetVsouthem::~arr·6f;theEdwaias:JSla;. , 

.~ " . '".:. -: ./ 

lean;. { . <7' '.. '.::;"';;~>'" . .', 

. . . .:Uiie!EdV1lirds"aquifedshylifa1ifr~a11f011~confined 
waterccinditlonsin.tllese i'<?ciks aresllIllrilarizeclbelow 
foteachot:th~(,ut'g&;gm~1ligsubikeas!~@nrijng.; 
wifu'theB~doriesfaultZoll~f;the mosttranslnissive 
part ofilie~tudy ~ei . ,,'. .. ", •. , 

,~~d:~~::~=~~~kf!~~:~W;;:::~~~=. . 
.. "Devils:Ri-ver, Salmoti:Peak;McKnight;:~dWest> '.. .' .'. 

Nuece~Fonm1tionsaCrossparts dfIGliney.'UVal~e:and 
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Medina Counties (figs. 2, 9). The Edwards aquifer is 
confined in downdipareas beneath the Navarro-Del 
Rio confining unit. The confinE;dpart of the aquifer is 
bound on its downdip (gulfward)side bya freshwater/ 
saline~water transition zone of brackish· water. The COD

centrations.of dissolved solids downdip of the transi
tionzone exceed 1,000 mg/L (Maclay and others, 
1980, p. 13) and rapidly increase in .agulfward direc
tion to more than 250,OOOmgIL (Maclay and Land, 
1988,p, Al2) near the Stuart City reef trend (fig. 5), 
The concentration of dissolved solidsinthe Edwards 
aquifer updipof the transition ZOne ranges from about 
250 to 300 mgIL (pavlicek and others, 1987,p. 3). 

Ellis (1986,p. lO1)attributesdiagenetic differ
ences between rocks of the saline-water zone and those 
of the Edwards aquifer to the effects ofvastJy different 
pore-water chemistry since tbe Miocene Epoch, when 
the majorityofthenoIl11li1 (down-to-the-southeast) 
faultingin the Balcones fault zone probably occurred. 
Although .thesaJine-'water.zone issaiuratedwith 
respect tocalci1e, ... dolmrute,gypsum,.celestite,~tron
tianite,and ftrmrite, the. Edwardsaquiferissaturated 
only with respect to calcite (pearson and Rettman, 
1976,p.19).The rocksaf thehighlypenn~able 
Edwards aquifer are calcitic, . typica11yrecrysta11ized to 
coarsemicr~~par.andpseudospar,andextensively 
dedolomitized:The.ne<1fltjmperlIleab]~ ... sliline-water 
zonelDostJyc~~~is:s?~d~lomitic·rc)9ks •. c:()n,~g 
oooxicli~·or&anic.materi31~in,c~ll~g17troleumand 
accesSoIJ'Jllinerals.s~c:~as~pyrite,gypsum, .·an,dceles
tifu(Ma91ayand:Slllip,1986;·p.28).'Phe:nf1gligible 
hydraulic .. ~n,~?Cti,:ity·.·?rthesa1ine.,"water:·zone·results 
frommiI1iJn3j .. spnn~.!i8~;~twee))in~rpart;icleJ?Ore~· •.•.. 
caused 6ya.di~geDetiCliist()rydo~nated:bYCementa., 
tioninasalin~-water envjro~enf.· ...•.. •..... .....•.. •.. ... ..•. . 

. .. ..Thee~traordinarilylarie val?e~~fhydraulic 
conductirity~Ilth~EciwarMfiqujferre~ultf'r0m·the 
freS?W~~~~gr))~sisofinteIl~tvelYfr~tllred.carbon
ate.r991ts·~;·:J<1f~f-:-.~ca1~.~.()~fa~ting~~ed 
th.rterr<i;tn,~~~~~~.~~:~~~(l~lic ·gr~die~ts,Iarge. . 
quantiti7;ofm~teori:'Y~r:e~teredpTevicHisly·buriea 
stl"ataaf!d initia.ted.t,h77;V?1?tiol1ofa d.ynamicground
water:flow.sYstem(Aippo.tt,1~75).~e.g~eferentia1 
leachingof~;Va.porite~ an~; solublemin~rals, Jossil 
Parts'and})llIT9>y .fil1il) gshas~E0;Vi~~ ~honeyco~bed, 
or IISwi~s fhee~'" appearancetoffiuclfofthe· outcrop 
area.¥uc~()ftllesubcr()p<1f~js~¥.~ed.withjoint cav
itiesand~olu!i0nchannels thatiormea as fractures and 
beddi~gplaneswjdened throqgh dissolutionandero
sionaluriloading. 

Ground-water flow in the Edwards aguifer 
largely is controlled by an anisotropic pattern of 
hydraulic conductivity. The anisotropy primarily 
results from barrierfaults, which displace rocks verti
cally such that permeable strata are juxtaposed against 
impermeable strata (Barker and Ardis, in press, pIs. 2, 
6, and7), blocking odmpairing transmissivity in direc
tionsnormal to the faults. The dominant direction of 
transmissivity approximates aN. 60·.E. trend, along 
which ·transm1ssivityvalues compare with those nor
mal to the trend by ratiosrangingJrom 1:0to 1:1 
(Maclay and Land, 1988,.fig. 20), depending upon the 
extent of aquifer ~splacement (Small, 1986), Trans
missivity values along the principal direction of 
ground-water flow range from abouL200,OOO to about 
2,000,000 ft!ld (Maclay and Small, J986,p. 61). The 
anisotropy is so dominant in the subcropof the. 
Edwards aquuerin Bexar County (Arnow, J 963, p. 29-
31) that most of theconfined.ground-water flow is 
nearly para1lelto generalizedequipotentiallines on 
regional potentiometric maps of the San .Antonio area 
(MaclayandSmali, 1986, fig. 23). .. 

Thebarrierfaults generally block southeastward 
flowintheEdwardsaquuer.and·.divert.ground·water 
toward thenortheastal()ugftowpaths aligneci With the 
faultzone·(Amow,·1963),Jnsomeplaces,.asecondary 
network oftransverseJaults obstructs the major north- . 
east.,trenwngflowpaths,·imposing;intemal:boundaries 
thatfurther·wvertor..compartmentalize the ftow .. sY1>tem 
(MaClay and Small, 1993,.p.135-J 45). As.aresrilt, 
localpatierns~fground-water·flow;calJ.be.extreme]y 
complex, makingpr,edicti()ns.··~boutfutl1rere!iponsesto 
prol~geddr?qghtorruiditi~DalPllI11ping.pfficultto 
detemii~f()r§pecFcsites.;i; ................................................ . 

Th~;ECIw<1fds·aquiferprimarilyi~~ecljarged·by 
the (1 )'¥scbar~eio{Str~amsdralniIlgtheHillCountry 
wherethyy fl.()w~n!?:the highlyPenn~~leoutcr9P . 
ofiheEdwards;Gi-ouPancl Devils RiverfBnnation; 
(2)jnry~tratio~. ofprecipitati()n •• m,tl1e'putcl"9parea; 
(3) subSurfaceinfl0\J/across·tbeupilip;rnirrgillOfthe. 
Balcones tari1tzoll~,;wheretheTrinit.yaquif~z:·is . later -
allyadj~nt tOdo~au1tedEdwardss?,aUl(BaI"ker 
andArc1is,·inpress,pl3};and (4). diff\1seIlP\J/ru-d l~ak
~ge:&?m the underlying Trinity aquifer. Rechargyraty.s 
varycousiderably ,with time, depending l:iponanteced .. 
ent conditionsandthefrec.!uencyan~ jn~nsi!y,of pre
cipitation. Altb0ugh theactlllilra.tes ofteSbaI'g.ecannot 

'be measured,esrlmatesofrecharge routilleJyaremade 
for watermanage1Ilent purposes. 
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Estimates ()f~otalrecharge to the Edwards aqui
fer (Nalley; 1989, Uible 2)range from ]essthan 50,000 
acre-ftin 1959'10 morethan.2,OOO,OOOacre~ftinI987. 
(PreCipi~pIl;:VYas about50pe~entless cthan~e long- ' 
term aveptgem J956,andW1iSabout 20 percent greater 
than 'tbe:avemgein1987.) :RechIu-ge'probablyhasaver
aged abolIt675,OO(fai::re-ftlytslncethe mld':1930's,ilot 
including wa~renteringl~terilIly frOmtbeTrinity,aqui
fer in the HiJI Count;Y~The quantity of water entering 
laterally fronltbe Hill Counuyis unknown; 'however, a 
preliminary.estimate(assumingan averagehydralIlic 
gradientof2Q,ftJmland an average transmissivity of 
5,000 tt2/d}IndicatesthattbisfufiowcoUld ·totalmore 
than lOO,()()()acre--ftlYr. Tbe quantity of diffuse.upward 
leakage from the Trinity aquIfer also is IIIlknown; how
ever, thepr,elimiruuyreslllts 'ofcomputersinllilation 
(B.L. Kuniarisky, U.S. 'Geological Survey; written com
mun., 199ZyindicateaJong-teIlD,averagerateofabout 
10,000 acre~:fUYI. 

Fr~mu~~e~tp,~oftJ1~recharge area, 
ground -watei'geneialIy fto~~,doWndipina'southward 
or southeastWarddirection:Thiswater-typicallyis' 
divertea-northeastWard alongjointcavities and s()lution 
chminels;ih&'::have,developetbupgradient of the barrier 
faulfs.:Most:gfouno:,watet,mschafge,OCcurS:as,citber: 
(1):spriitgflo~;·(2):witbdr.ly"ais,thfoughirri.gatiOIi·,:pub
lic-supply;:and ·ind~~~~#.!Is;J(~)''l~g~;"tc:>tI:a~:COI
oraLio :RJ:ver;~!?!;(4)idiffUse/,~p'YafPJeakag~tto.l!pper 

~~~~~~~~.-;0IX)ia-
ftlyr8m~;the:niia~~9~o~S;,,, ,y".·~~98~lit3bI~i3,~i;Slade 
and otbers;J'986;:"6.1109rWeU1witlitfrawlilSihave::· . 
. st~dilYlli~e~cii=~*ltt:joo~OOO~~:;w·>~iturin 
ffi~ 1930~S'fiO'ai>Otitt470:00O':aiie:.w;<~fi~e:;, g 

__ ' ....•• .., •••. . /P", .. ~... " .• '.'.'''. 'YI', .. &."".g, .... 
1980·s·(Nan~I. :t989;:~ble:~).'.if:he. xates of.:}eakage'.to 
theC~!~£~0~4~~i;;~'[!r·:i ...... '~)' ".~~~$!~~~' 
unknowri;;h . Isxruillerthan 

ffie rateS'~~"~I< f ;:~~~;5;:~+ ''l\;,~~,::.~'~'::':''. .'. ",' 
~ill!ijoricen;ofpMDH~~Supp1YiiilIn,pag~is· •. 

SanA1iioD.io~ . siint8n,ribservation~en 
open to c6Ii1JP? iP .. : .• ,of __ ei!9llif~J;:~itvaded ',. 
betweel1 :6j2~:fHa1iO"6·jseii~veljn':il9.56:ana 703.2;ft 
aboveseajie~efmii99Z (G:Nt"~ii11;y,iJ* •. Ge01Q "'cal 
SUrvey.wn&n~ntm'iln.; 1992);De ite'llblfu;:()II~ 
Cem;abc>bt.~§C~orutl~OcWof"i1oc1t~~rifu.o~.gbt, 
10ng-teil'n;hYd.FO&r8p11s1or~!San,Antt)nioare~indi
care nonetnsenr:aecline:iliiWatetlevelS:overtbe last .... 
85 y~.(ltw.:;;~~tSiy,·t1iS?:G~dj()gical~rvey,'writ;.: 
tenco~uil. •. 19ga)r :.' ." 

~-: t " .. 

Hili Country 

TheTririity aquifer,. in rocks of the Trinity Group 
(table 1), d()iriinates the ground-water hydrology of the 
Hill Country (fig. 3). As a result ()fthe BaIcones fault
ing ano'subsequent erosion, most of the Fredericksburg 
and practically all.oftheWashita 'stratahave been 
removedfrOmtheHillC()uritry. HQwever,a few 
domestic-andstoek..;supplywellsare completed in the 
Fort Thrrett.Formatioriin interstre8m areas of north
westemBartdera, northern Kendall, arid eastern Kerr 
Counties; likewise, ·the,DevilsRiverFonnati~ncon
trlbuteslocally,totbeW:atersUpply in southern ReaIand 
northernUvaIde Counties. 

TheTIinitY'~ifer in the:Hill Country is com
posed of three relativeiy peIlDeable 'zones that are sep
aratedverticaJlybytwo relatively impermeable 
interv~: TIle'upper Trinityperme8blezone comprises 
theuppennemberQf the Glen Rose Limestone. The 
middleTrliiitYi~eabl~zone.comprisestbe lower 
memberoftl!e'GlenRose Liniestorie~:ffieHenselSand, 

." .. ,.·<.--~,y:;v< ...•. ,:,-.;,.>, .. '':'~': ':," .''*' .... " ,", . '. ".:.., . ..,~'., 
andtheCo\V'C~k;Ljpteston~~":rhe.l~wer:Trinity~Per-· . 
meab~~~~,e:~~~~ti,le§Ye~oresana(U~p) and 
theBligo;and ,HossIDn,FormatlOns. . . . 

~~:1,1p~;+;~!~#Y~J>e~8b!e,,:~ne.is .. 8~arated 
froll1 ihe:Ini4dleTririity:perfueablezone:bythin-to 
mediu11l~~9:~}hY:dr~li~y:!i.gl1!,~~e~~:\Vitbin 
the:upper.mldmiiIillepattSofthe GlenRoseLiIriestorie. 
Tbese~Y';iiii~8bfe\liiterviiS';(Asfi~oitlt:f983'~ 
• p; 33)1W[Cafiy;~:oom:POsed.df"";t<"'*1~fatif ·~tontln-

... ~,~. >.i"'{ .!. ".' ·""",·."/-,,;iV, .>; .. ;~. >.;:. '/';".-<."'".2«1';": ." ... ~-!>~/y,:l: .. ,_." 
u~us;:a:ttematipg:re~1Stant;andn 'esistanfbedS:ofolue 

.:~~~~~~~!fati;i~~~~m·~~~:~tl#~c 
pOsi' A8iiv~lde;fue!:Oiia1 
Potentia '.' , . .J., , . . ~ifY"%,1990)~o{tile;toO-

Iii 'all"'i¥7A< eiIlillitc'*"--"'" ,:;.;.(.:':A; P grap c y/ru.gg; ounYY'0i:.",.;.:i: .... ." 
.' 'r€~·~1:r~fy:··';\Yf.\\(+;··I~:;~~is's,e,p8rllied 

from~the'" , '. "t.Yc; '. .- 'W o• ShWe)'oo-
furlilg: .:fib" (p~Sliti~ ka .. 
fine~ .. '.:~ 'irih'<+'~')':C'0'~~~~~~# ~~anj 
COIl~u ,:!y411ppe~~aJ?l,Yit1liot!glioutv.; .. 
most of ~'";~¢t "t """,1:.0" 't:hasbeen dis-

~i~i~~a~~ ... ;tr~ 
19?4~;p!!~o .. pn~lacemen#ol\~;a(jwntIr" 'wvhlent .' 
Pine:IS1a.ntf: .1ue~m~r;~y.;li1g~!litile~:!aJfa1i1tB' 

a~~~s~! ofilieEd~iirds"pi~au (l?2;i1ili(~lr" . g 



The hydrology of the HillCountry varies greatly caused by strongly cemented (but commooly thin) 
in response tOdjversegeologicconditionsand wide- interbeds of playstone,. IDBrl. and shale that are inter-
nmging topograpmc effects, Although ground water in spersed tbroughouttheupper and middle permeable 
the cIeeperstrata.general1y.is.confined;unconfined con- zonesofth~Ttinityaquifer. but mostcommorilY,within . 
ditions prevail'wifhlnafew hunrlred feet of the. surface. the GlcmRose!#nestone. . . , 
Theleaching cjfevaporites and'unstable caroonatecon-The ~tronglY cemellted,relativelY4n~~~le 
stiwents has eiihanced,the hydratilic conductivity of . interbecls in upper and middle,parts of the Glen Ros~ 
someupgraruent(outcrop (recharge) areas; .however, '. Limestone generally impede the downward percolation 
the precipitation Of stable minerals has diminished the of precipitation. Meteoric water f1;1at illfiltra~sthe.· 
hydiauli,b' conductivity ofmostdowngtadient, ·subcrop interstreamareas circulates laterally a~e ~e de~e., 
areas~'The translriissivity of the Trinity'aqliiferis highly, bydraulicallytigbt interbedsmorereadily~ ~~perco-
variablebecause'tbe saturated thickness varies with lates verticalIythrougMhem. Shallowzonf(s of perch~ 
both liydiaulichead . (Bush'8.ild others,' 1993) and the ground water connnonly are present abov:e the1J<lSe . 
altitude of underlYingpre:t!retaceous rooks (Barker level ofadjacentstrealns. Gro:und water ,cijsqh~es 
and Ardis, 1992). . . from springs and seeps atop ,the interbedswhe~they 

'. The quartzose ,Clastic deposits that dominate the are ex:posed on the hillSides intht! Hill Country,Thus, 
.sycamoreSand;,updip .,parts pf the. Herise!Sand, and instead of percolating to the regional fiowsystem,' 
basal parts of,tpeHos"st:gn.Formationare some of the much of the shallow ground waterininterstream seg-
mostpenneable sedlqleptsintheHill CoUntrY: 0Utcrop ments of the Hill Country discharges to'perennial 
smfacesof theCo'\V~~ Lin:l~s,tone ch~steristically streams ',that draiil.tqe,area (fig. 3). . ',," .' 
are riddled withJno!di~;Jl0rosi!y anq areijjgblY'peime- . . .peremrlalstreams in tbe:Hi1lCountJ;ygain water 
a.ble;, DlOS{. ortJie ()u,'RWP, area.is:p~Cul~ly~eptiye ' asth~yintercept springfiowand base fiowifromtlie 
to rech~e.Aithoug~tI:l~iriiD.aIJ;1ydr,aY:,lic'condilctivi1Y uppermid'middiepenneablezones,()ftheTrinit}'agui
oftbepowcieek.l;!tPest()Il~ .:0/38 large. bpcauSC? it' . fer (Ashworth •. 1983,p. 47) .. Streams that gainwa~r in 
tesulred~~a:lllg~.,~nergY' ~h) dePositit>Jwlenvi- the HmCountI'y typicany lose all of their discharge to 
ronment,:tbebycIriiUlicconauctlvitY'tOda5T:'ls:c(>iIIPara- . 'the OoWnstream.Te¢fuirgearea oftheEdwarOf;aquuer; 
tivel~~m~ji,~~#~:etD~:tli¥'~u~p',' bC#uieinost . this genenuly occut:Swherethe 'stre3mSCrOs~lJlajor' 
p~'Yei ed:wifflcalCitici cementJ$wer .• ·.~au .. l. ~.an. fl.' fl. p .. w. o. 11~.o,th ..... ,e r.ela. !:i.,.v. ~IY.:penn.·. ", e~ .. J ..... e. ,'o,·'ll.tcrQPof 
parts Qfthe . '1~;9~lJrnesiOnt"are'1#~y:pefui~" ··.theEOw~4$qrollp·m.~the.BaIconesJ"ault:iOne.. . .. 
able,especia,uY:illtPegutcropandsh8ll?wS"QbcrOp "Jii:additiontodisch,ar@n~~aS~ringffowandbase 
areas,wbere'. tbe:uirltisJoca1ly;karstiC;~:itstberesultof" ... Jlow,fn)ip tile upper and 'middlepermeaolezones," 

... LcmeelID .. p.te.·.·t:,·.e .. '.·so .• ~.ton.·'.cac:.fa.·ein ..... '.:.·:.gw:.,.w.en .. · .. "ate· .. ".~.·.e.· .. '.· .• ~.S1Sr .. tem .•. ·mi •. ;,· •. '.·,:.:.·.Sd· .• ·:~.,.·p· .• tm.': .. ·.· .. · .•. h.·.,.O'.·.:lo.~.ld·'.~.e·.·.s.th .•.. ·.;pa .•. r..'~ ... illll.·.;· .•. sB.·.·.:g····.·.e· .• tw· .• ~.·~a·~.~ys::.·n.try.·.'·.·.·fi· .. ~Ror,·.:.· •. ·.r.n .. ·.s·.se.·.·.·.teJ:U.·.b-_ . ·~~b~~~~~~~;t 
: UUi '., '. '. ..•.• ,,~y: : ~., '. ...... ". . .•. 'me~.· .• ~.·at.~i]';feJI .• ~z·.~oi.tn·.·.'ZO.:e",· .•• : ... ~.· ..•. ~ .. _ · .. ;D.:;~ ••... is .•.. ~.:.0..r.~ .. :.:.'''' .•..•..• e;.'a:.:~ .. *y*.·.?thr·m.~·,.·'o·.·~.: eg,,\h·.·~~.·.·.ww.':a.·~ter~_.'· .. ~.m .. ~.:e<~.~bri.·S",.:.~per.an' ···-.·d.·~ .. 

staDtialqulllltitiesof:~hBrgeto~th~·Trinity;3quifer ,I}.. ~UJ."j'':~»' .... ..U .... .,W 11 .' 
(AShw6rth ;1983p 10)':; > . .;';;.i;.· ... .. ' diffuse:upwardleakageto tliemiddletriiU1Y~rmeab1e 

d~r~a;~Ft •. ~:~~~~~~~· 
dowildIp1>mu:Ofth·e~~~tt~~hiil~. ·an'areW1yexten~.. . 'to.·'tal. 'cil.'.;ke.":tiVee. i.;,.i ... :.9;~.;tO.,)?·~o9o ..•• ··.·ac.· '.~~@.',.fi;,"iUW .. '#.:~.; :'a.· ',' 
sivlconnnmi'uD1tfhai~atta'in);'i!~tliickriess:of1ibriiit '~'.: .• p~vlice¥;·J~~~;takle\l:). The:q-~!Y~~tt j:M;'· 
to 86ttoverm()~t:oft1ie:I~1lJ.C1olIi1tty(:Amsb1iJ)',<1974, .' "'redharg~, ;jn:l)rd~ofimportancej bytheXl}l~pil 
p~ J8).Asllwblth(198~,'fig!i;1~18):repoits;thatdiffer- . inflow .... ".o.I. gro., ... ~. , .. ~d ~ .. :.a~ .. ~(}m~~e::E. ,d.,'/l. ar.~ . .:l?!'.~.,~'.a. ij,. .,' 
e'nce" s· 'l!'n' "h· .. 'y' ':r;;:;:-;'''.'t! ·c·.··.h·' •. erur.""'''' .... ···ac.'4ros"s·,.: .. t:.· .e'Tlr. '.;': ' .. ="" ' . .;:r • .. '*'e··.Ii'¥.· .... : .. SC;";1e· , '. " .. "".. . 

. Wi1Ull . . W fliWllll L/., nw (2)infilfi"ationotwecipitati()Pc:>ntbe(;)~~P:&e.a'and . 
exceed. 1.0.0 ··jroV."·er'p3rls:?f(easiem B. an. ·ae.h4KendaIl.· ;. (3) surf~~wa~rJe.ab!g~;from shallO\v,.tijbutal;y 
and eas.e~~K:-;rFC6unties.Wafuriev~is"iil;tbe'GlensticiirnS :inuIHanc!:areas: ... ' . .... .' .'. ;. .... . 
Ro8eUni~siOni'Dearthe\~outh'eaSte11iccttner of .~~g-fenn 'b,ydrbgr~hs of waU;r leVel; m~~ 
EdwardScOuiiiy.ar~more·ilialj:200 ftiligher thanthosesured'ftomobservatiollwells 'in the Hill.,C(mnt:rY mdi-
intheunderlymg'Ho.s~tOn Fpnnatiorl. Differences in cate ·thafwaterle,velsc~vaiYgre8.tlyover sb~rt ...... " 
bydrarilic;heaaaoovethe~Hrunrnett'Sha.1egenera.nyare .' periOds~;netw~n.win:ted»ghs.and suIDiD.erioW~. water . 

-, .", . . ," . ,~ . , . . 
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levels typically vary SOftor more~ Theseasonahari
ances aremoststrl.k:ingmwells'less than about250ft 
deep. Because transmissivityv81uesgenerallyare 
small in the Hill Countty,andthe demandJoqiumping' 
is stronglyd;pendent Oil weather conditions, the-Trin
ity aquifefinthis area IS more susceptlbleto tlieeffects 
of droughUbantheEdwards aqUifer in the BaIcones 
fault zone~ '.. . .... 

Transmissivityyalues dcinved from pumping 
tests and specific-capacity data (Ashworth, 1983, p. 
55-155)rangefrom lesstlmn 1,OOOf2'1dto'about 
50.000 tt2/d for the Trimtyaquifer in the Hill CountrY. 
Transmissivity values appear to averageabouf5,OOO 
tt2id,accordingtothe results oia regional ground
water-flow model (Ri.~Kuniansky. U~S; Geoloiical' 
Survey, written commun .. , 19.90)~ 

Edwards Plateau . 

1'heEdwards;;Trinity aquifer in' the Edwards Pla
teau (fig.3)1ilCIudesaIl:theH·ederickSbmganc[Tiinity 
rocks,plusalhVaShltn'OckSbelow the'DelRiO Clay or 
BudaLimestone'(where.theDeI· RioCl~y:isabsent) .or 
land ·smface.None :oftherock:units;is /lilJiformlyper
:meableltbrmJghoutthearea 'However,therOCks:are 
combilled,:ri(giona11y DiU> oneag1lifer because:Iloparts 
are:substaDtia1~,more"or]flss:~rmeab]ethan:the,rest. 

. ..' TheWasbiUi:8ridJ"iedenckSb "rockSiare:the' 
, . :" .... " , " " ~'i: ............ ~' -,,"'" . ,:>;·'jT~.'·' ... ,.,.' .... ~.. "<';"";)-":'~'" '.,.' 

.p$lary;~afer7~riciligstra1:li',thro~~01i~:mo~ .than 
tWo--thitas7ofihe'Edwar4s:P1afe~u;>ExcepiwlieI¥~the
W~hira:ana1FredefiakSbmg;Tocks ;are·absenfot·niliii-

.~~~~~~~~~. 
'@y:do:ll,~t;~I1~~ ·~~(;l~r~~'b1J!g'~tt!tat ... 
uDless:theWaslllt'atan ricl$tf~·iockS·nav.e . .......•..•.. , .............. < ........ , ~:'"'''' 
faif~lp:llrovicJesrifP8~~t·watt.:r: Becausethe"Tririity 

, roCfS.,tfijn:ioa:negltgib1e:thlckit~8snear:the1.1ario·uplift 
(fig:i6)i'aD~'ilit{n,giC>riiil~#tfi~~etrictrstinacer.·. '. 
(Kuniansky. '~~):~~beloW;the;!J~e6fWaShifaroCks 

. ·iD llortbem .parts~fdbe;piatbau~,tiie Fredencla;butg' 
·rocksge:rie~~:'~~~1fo~~~1iitl>le't;oUicesofl?Otable 
water iIl.the.·aiea.· ..: 

. aUglnentthe valley alluvium as the main sources of 
groundwater. Although the WaShita rocks are used 
only minimally for water supply in tbe northern 
EdwardsPlateall, theybeconiemore importantas .they 
thicken and becomeincniasing~y siuurated toward the 
south. Where the FortLancaster Formation (west) and 
Segovia Formation (east) ocCURY the highest elevations 
on the Edwards Plateau, they generally are unsaturated, 
minimally satUrated, OrCODtanl only perched water. 
However, the Fort Lancaster .and Segovia Formations, 
iriaddition to the Devils RiverandSaImonPeakFor
mations(in the Devils'Rivertrend.andMaverickbasin, 
respectively), are important water-producing units in 
parts ofEdwards;,Kinlley,and Val Verde Counties; 

The,Salm~rt'P6akFormatiODis"moderatelyto 
very permeable" nellI'thetop(Maclay andSm811. 1986, 
p. 18). TheJ()werpart of the Salmon Peak Formation is 
"almostimpermeable, "exceptwlterefractured.The 
McK:nightFormation.locally oonwnsPermeablepock
ets ofleachedevap,orites, butmot;t1yitis,considered to 
have "liti1eperme~bili!Y:"AlthoiiglHheupPflrpartof, 
the WestNueces Foimatioll is"'modeI'atelypeimeable,"'o 
thelowerplirt'is'iaimosf:impenneable:" .. 

. ' .. ~:De\.rilsRiverFormationis't'verY~eable 
and'p6w~~~"es~i:my'ili~ildi~'~d"up~rp~:6fthe' 
unittlmf;coDtajDcollaPse.:oiecqiao,t vnggyZODe:S Of 0" , 

·leached:rudisiS".(MJiciay;and'Sn;iilt,·]986j~'Theup}>er . 

Sf&~~;;~~! 
mationsupplies~~.:quantitie~.of:m:tgatioll~aterm· 
wesfum' ilrtSroltJie;B7ncones7iaillizoDe,in.Metliriaand' 

~k:~.tl~ 
thegrounCl ;watenprim~%~~the:EilwardsjR1atealii:The" 
"~!burro~1a:zone~"6able'~Ib~11eanth~tbfiSe;of~ffie1fOima~ --,:,."... :, ... ~ ... >:: ... " ,,,",_f,,.:.~(,,~,,,,.;!~~~,.~~ .. '.' -~~ > .""""',,",,c,' ~ . " 

tioil,. JruLY;be the 111.ost ~IlDeable pBit0f the;~wards' 
&6i:t'p.ou~de'1htdI~.eful'ed.te'rrain;of:theBa:1oories~' 
·fafilt~~!IDb~~rtn~~i;l~~natUreioftllie!burro~eo:zQne·· . 

'.~: .. ; . '}/:~""':': ,.~:,.~~ '~':V .~":.. ... , .• ::..~'-;>' "'''~i\ .::"{~" .,., . < <.,.%~. ...~. \ .,,~".<~. . d-':.,_!/.: . 

• TiieWaShliaaridJ¥r¢tlerickSburg'i'ockSare the 
principai~~~f~~~~C;~!~~~th ofDo~ern 

results from the :prefereIltialleru:hingofbUIToWfilliDgs •. 

, 1~ ... ~~.~n~~i,.~m~.:'{.il;:9P~,:.'2·i !n.':.~'()A.· .. ' .. '.' .• ¥.J~ .•. ,.\s ..• ·~~.*~.i. '. 
remammg roc.tl.h:~O~j·· '." ,p.;~; . e}Q:verl~g 
··''kirScljbergieV~Jjori~~e~! .. Gtable··.l)alJti~is'hig1l1Y Concho~.Irion, ~e~~an •. Tom!GreeI1,and Upton·Coun-

ties (fig. 2).ext~~t;;Whet~.th~Y~veoeenbreacheobY 
erosionalongtJi~:v@~ys:ol'ihe.donclto, • GUadalupe, 
LJaIlo,Pecos,i>efiemiiles;aIi'q 'SiUf'~abaRivers (ftg;3); 
In thfse.t{)l?O~phicaily'iow·areas~the:Glen1{ose; . 
Limestone,'H~:iiselSa:ild,aii((~basat(cretaceo~·saiid 

,...."'. :'//':.'" ". ,', " . ", '. '.' ~ 

Ei£~~ •.. 
west ottlieB~cbnesfinilf~Dearetpostly;p~satti~ted: 
.~eb~;etiliaij~~~'~fnttg~i~i·:~~p¥ts·~ffbe 

'''~~ .. 

38 Geologie HIStc);yj,.d~YCb'OgeologIcSe~ng.Cifthe~TtfnttYAquth.r~Y~t.In,Yi8&t..c.ntnir~~~_·. 
':'> . ., 
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Edwards Plateau by increasing the infiltration rates of 
precipitation. 

Except ina few areas with shallow alluvial aqui
fers, the basal Cretaceous sand of Trinltian age is the 
mostimportant water-producing unit in Ector, Glass
cock, Midland,' Sterling, and Upton COlIn ties and along 
the Pecos Rivervalley in Crockett County (fig. 6). The 
basal Cretaceous sand is about as important as the 
Frededcksburgrocks forgrollnd water in southern 
Irion, BoutheasternReagan,and southern Tom Green 
Counties, Very few water wells are deep enough to peD
etratethe basal Cretaceous sand overmost of Crockett, 
Edwards,Schleicher, Sutton, and Val Verde Counties. 

In the southeastern part of the Edwards Plateau 
(northwesternBandera,eastem Edwards,westem Kerr, 
andnoriliern Real Counties), the Trinity units most 
likeJy to cont:3inpotableground water are the Hensel 
Sand, lower member of the Glen Rose Limestone, and 
Cow CreekLimestone.The hydraulic characteristics of 
the much deeper Pearsall (undivided),Bligo,and Hoss
ton Fonnarionsmostly are unknown. However, the 
lowerTrinity units inthisareagenerallyaremorethan 
7 50ftbelow.landsurface.Becaus~ground wateratthis 
depth is 'perhapscompleiely isolated from. freshwater 
recharge, ittypifa11yis ~ghlYnllneralized (Walker, 
1979,p.93-95)andmay·excecidthe locals~dardsfor 
drinkingwater (Tex~Dep~ent of Health, 1977). 

, · .. ''TheH~e~~S,ha1~,;whic~isphy~ic~ycontin
uousaDdhydrall~caijytiglit oyer. Illost ofthe:Hill 
Country'(fig~3),.~acies;11°rthwest;w~dacrossEdwards 
Countyintothec0ID,paranvelypermeablebasal Creta-
ceou.s s~d(figs.6"7b): ;]J}econfinin~effectofthe 
Hawnet~Sl1a1~~~hes-w~~t of the HillC~untry,aS 
it··~lld~8int.o· •• sand •. ap?Lt11ins··to'afemll~redge:'Thel]:, . 
fore, 'the Trinityst;r~~oYt?rIDostof:th.e Edwards.Pla-· 
teauare connec~d~~cinlUlica11yWithth~overJying 
FredericksburirOc~?;"': '" .... , .......•..•..•. ' 

·Ily~lllic.co~$~9~s'it1 •. the:Ed\Val'dsrl.~t6auare 
mostl~ic~rrlf~e~ <?rs,exipc?n,f:inect,e~ceptintbe shaI
Jow~~t;.;v.;~7tl'~~~tt~~~~pe~. ~n~n.~arthe?uter .. 
margirs:?fFr~~ricla;bllrgstra~v.rhe.re;~~und~rlting 
'TrinitXs~dimen~.~.~o~?llt.~tb?U~h •• nq.c()n1iningUnit 
ismaPpf1;pl~"oyei)arg'§#e~:vest ·of.theH~ett .• con
fining urllt(fig.2),ilieeffects ofmanylow .. permeabil-
itylr--ds ·~Sll~~~te.~Jt§~r~~~ing depth'below Jand 
sllrfac~toco~fin~ dee~r partS of ttieEdwards':Trinity 
aquifer'l!nro~~~c?nditiolls. ~0rrrina~",here gain .. 
ingstreamscuti~t?s~dy·TriIlitysedirrients@ong.the 
Concho, GuadaIllpe;Ll~o,Peco~,~edernale8,and San 
Saba Rivers (fig. 3): Erom genenillYnriconfined or 

semiconfinedconditionsin the west, the aquifer 
becomes progressively more confined toward the south 
and east in response to an .increasing thickness of sedi
ment in those directions. Observations of diurnal 
changes in barometric pressure, water levels that rise 
above the top of water-transmitting zones, and 
entrapped hydrogen stilfidegaspromptid Wa'lker 
(1979 ,p.49) tosuggestthat "*** wateHablecondi
tions may notbe as prevalent aspreviousJy reported." 

The Edwards~ Trinity aquifer merges hydrauli
cally with localJypenneabJePaleozoic strata around 
the western and southern flanks of the Llano uplift in 
Gillespie, Mason, and McCulloch Counties (fig. 2). 
Paleozoicrocksofthe deeply erodedLlanq uplift 
(fig.4)Jorm.asubtle topographic basin where ashal
]owground;.water regime has developed alongfrac
rures andjointcavities,Water from the northeastern 
fringe ofthe Edwards.,Trinity aquifer merges with the 
shallow flow regime ofthe·MarbleFa11s.~ ElJenburger
San Saba, and Hickory aquifers (Barker and Ardis, . 
1992) before. discharging into. the Colorado River and 
northeastward~fl()wing tributaries thatdralIl the Llano 
area (fig.3). 

The Edwards-Trinityrumiferdirectl~overliesthe 
Dockum Groupof Tri~sic'agein large partspfCrock
ett, Irion,Reagan, andSterling Counties:V{heremid
dleparts of the Dockum Group are sat:u.raterland 
containsufficient,aIllounts ()fsaI)d!()he pspneable .' 
(Barker and Atdis, 1992 )rtheyconjpose~eDockum 
aqUifer (TexasWaterDe,\,elopmentBoard,19?O, p. 1-
6).Whereup~rpartsoftheDoc~·Gr()U!!,~absent, 
.theDockuIlr.aquifer.merges.·inplacrswith.th~ .. ··Basal., 
Cretaceous sandoftheEdwards:'Trinityaq~ifer{fig.2, . 
Barker,and·Ardis,.in.pres~;.pl.4).In suchweas.the • 

. ,. - "'", """',:.-' - -__ .' ,-- '/-.--- ."" ,- - ":: - _"''''',:_'_ - " ':---__ ---'t f+----- ,,'~,J __ :-P": -:_ ;.::::'i:'~' ___ :,_;"'::I$\ _____ "~':~:_:_<>~: __ ':',' :,.-_,::; 

deptbofground .. wate~,cir.culationlllayin~easeafew 
hundred feettothelower,partofth~ Doc~drqpB' 
or __ w~eretheIower Dockum unit i~abs~nt ___ tothe.top 

ofpern¥apredbeds.\Vaterfr0ID.th9DOf~IIli ~uifer 
variesconsi£ierablYingu;;ntity~d)911~p:':I1~nyeyer, 
well .. yields. rarelye:X:9~Af~w.huqdr~(g¥1<?ns:~ 
nllnute, and tbewater iypica1lycontains"Pi~.conceq~ 
trations of sodium.sulfate~and.ch1oride{A~h}vortlland . 
Christian, 1989);whic:h ~are:x:c~tpeloqa1s~dardS 
for drinkin~ water (Te;.:as DePartmen~ op~ea1th,1977). 

Th~ .. ·J3d"IVaI"d~-TrirUtyaquife~.pinc:hrs, q.u~.below 
the Qgalla1a . F0!!D~onotTertiaryag~a1()~g~e 
northwestern edge of the Edwar9s PlateauO?arkeraIld 
Ardis, in press, pI. 3.) inAndre\Vs,91assc?Ck,f1~ward, 
andMartinCounties (fig.2),· Coars~ sand an.~ ... gravel of 
theOga11a1aFonnation.,whic:~fonnsJ:he lIigh·iPlains 
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aquifer (Gutentagand others, 1984, p.8-13) in north
west Texas, fill erosional channels atop the basal Creta
ceous sand in the northwestern part of the study area. 
Water discharging in a southeastward clirect:ion from 
the southernpart of the High Plains aqriiferrecharges 
the northwestern fringe of the Edwards-Trinity aquifer. 

From the northwestern part of the Edwards Pla
teall, water in the Edwards-T~nityaqU:ifer generally 
flows southeastward under hydraulic gradients that 
average about 10 ft/mi. Local exceptions to the 
regional pattern result from topographic: and drainage 
variations and depressions in the potentiometric sur
face caused bypumpage.Themaximum hydraulic 
head in theEdwards~Trinityaqriifer occurs in north~ 
western ECtor Countyataboui3,100 It abOve sealevel; 
the minimum hydraulic head, in sQuthernVal Verde 
County, is about 2,000 ftabove sealevel (Bush' and oth
ers, 1993).Inthe southwestern part of the Edwards Pla
teau, ground water discharges to the Pecos River and 
Rio Grande. In the n0rtheast,ground~ater discharges 
to the Colorado River and its tributaries. In the south
east, ground water discharges 'to headwater reaches of 
the Frio,GuadaIupe,Medina,and.NuecesRivers. (fig, 
3), and aslateraI, subsurface inflowtothe HillCountry. 

Mostre/:hargetotheEdwarcis':Trinityaquifer 
results from the. infiltration of pl"e9il'itation from land 
smface'and seepageJosses through streambeds of inter -
mittent~f;Teams.Disch~gefroID.ilieaquifer··oee.urS 
mainlytbrough: . (1) springs on tile walls of stream
diSse!;te(1£anYonsonthecnortheasternand southeastern 
fringes()fthePlatea~;{2)b~f.\~grtogainingstreams; 
and (3)r~lIrithdra~a1s:R.~~~eanddischargeeach 
average l:sst1I~.lin(Y,ft:>yerlIlostoftlle Plateau, 
incre~gfrO~les~.t.hanO:~H¥yrin ili.~.Vlesttomore 
than O~.jnlyr~~the e~~rnmgst.paI"t(jfthearea.(E.L. 
KuniansEY, U.S. Geolo~cal~urveY;\Vrittencommun., 

1990). ...•... .•.....•..•••.••••...... ...>c;.. . ........... . 

W~erpllIDped.fr~Ipth~¥rlwards-Trinityaquifer 
primaril~<isuse{Uor iri!iatiomWalker(1979 ,p . .76) 
estima~~~at~~ut 7a;?ercen~ofaI1~umpage during 
1972wasiorirrigag()fi.e~·and'f>~vlicek (1991, 
tablel)indicatedth~~d~~the~d-l~70's about 80 
perce~tof the totalannualpumpageJrom·theEdwards
Trini~aquifer (about 130'{)0{) acre-"ft)w~forirriga
tion. Iri'igatio?pumpageJrom Gl~~c()CkandMidland 
Counties aioneaccounteiEfor about;one-half of all 
pu~a~e iIl~eEdwal"ds'f>~atea.udt1riiigJ 975-76 
(LurryandraYlic~lc, 199J); 

Qround~wa~levelsin the Edwards Plateau vary 
mostly in responsewshort .. term fluctuations in 

recharge and long-term variations in discharge. Most of 
the fluctuations in recharge are caused by cyclic trends 
in precipitation, and most of the variations in discharge 
result from wellwithdrawa:ls. Water levels have 
declined where the rates of recharge and natural dis
charge (evapotranspiration, springflow,and base flow) 
have not compensated for increasing rates of with
drawal. 

During the last.50years, water levels have 
declined more than 50 ftin northwestern parts of the 
Edwards Plateau, including parts of Ector, Glasscock, 
Midland, Reagan, Sterling, and Schleicher Counties 
(Walker, 1979 ,po 96-100), Data from an observation 
welHnReaganCounty indicates more than 100ft of 
decline since 1950 (Bush and others, 1993),Thenearly 
continuous, long~tennnature of water-level decline in 
many wells refiectsthe direct relation to a rapid 
increase in thenumberof.irrigation wells that began 
about 1946 and continuedtbrough the 1960's. 

Since the late 1970's, water levels inmost parts 
of tbeEdwardsPlateauhave stabilized or begun to 
recover,reflecting the.results of recent efforts to.reduce 
the need for irrigation and toconservew~ter (J~B. 
Ashworth,Texas Department of Water Resources, 
writtencommun., 199~) •. Water-levelhydrographl5 
for centralpaxts ofthe.Edwards Plateaurefiectacyc1ic 
relationbenytznrechargeJrom .prec~pitation and 
water';Ievelclj~ge:.(1) ~pmng/~ater le'(elsd~1:'ing 
most of the1960's,w~enB~i.pi~,?Il~~below 
normal; (2) rising water leveJsCilliitlgmostof th~ 
1970's,iwhenprec!pitationwa$a~Ve;normal;.and 
(3) declining waterlevels dnriI!gmost of the 1980's, 
whenP!"e9ipitationras belo~noI:11laL¥anY of the 
~g[)est;record~d ~*er leyelfCiIlTitlg; the. past 3Q.,:rears 
inCrockett.'Edwards,KiIIlble, Schleich~.and Sutton 
Counties w~~duringthel11iddle-"to.,lateJ970's. 

'TranslIl~~sivity va:luesarerelativelysmall in the 
EdwardsPla~llu, whF~averag~ is abo!!t 2 or 3 
order-sOf~~tudeJ~!;~t1I~ tho~e,charaq~stic of 
theBa1co~esf~tZl)Il.e. A9wfer-~~t and specific
capacity ·dataiindicatetransIJ."lissiYity¥a1u~soflessthan 
5,000 ft2/4.for most ofth~ Ed~ards I>l~feau.(Walker 
1979,:p.7¥t7~)~~xceptions a;;~jIl thei~Ptliliern part of 
the:EdwarcJsPlat~u,. where TBpIty r<>p~thicken 
southwar~towar~th.eRi() Gr~ee E~ll~yment (fig. 5) 
and wells'intherelatively~~eable1DevilsRiver 
Fonnati?Ilyieldupto.sg<:l gau~.f)-eliminaryresults 
ofagr{)und-water-flowmodel.judica~t1lat~* 

. sivityva:lues ~gefrom.~ut~~OOO!g,Perh~~~.lOtOOO 
if fd over most of the Edwards and Val Verde Counties 
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(E.L.Kuniansky. U.S. Geological Survey, written corn
mun., 1990). 

Trans-Pecos 

The Edwards-Trinity aquifer in the Trans-Pecos 
(fig. 3) includes all Washita rocks below theDel Rio 
Clay or BudaLimestone (where the Del Rio Clay is 
absent) or land surface, plus all Fredericksburg and 
Trinity rocks. The hydrogeologic framework of Pecos. 
Reeves, and Terrell Counties is structurally compli
cated. The structural complexity results from the col-
lapse of Cretaceous and Triassic rocks atop salt-laden 
Penman rocks and crustal deformation south.and west 
of the area during Cenozoic time (Henry and Price, 
1985). ProbabJy less is understood about the Edwards
Trinity aquifer in the Trans"Pecos than about any other 
part of the Edwards-Trinity aquifer system. 

The Edwards-Trinity aquifer does not dominate 
the ground-water-flow system in. the Trans-Pecos, as it 
doesin the Edwards Plateau. On average, the Edwards
Trinity aquifer is less permeable than the contiguous, 
hydrauIicaHy connec;:ted·Cenozoic Pecos alluvium 
aquifer (fig. 2). Theayerage hydraulic conductivity of 
the Edwards-Trinity aquifer,probabJy is no greater than 
the most permeablepartofthe:underlying.Doc1."U1D .,' 
aguifer.Ther~fore, the combined. influence of all the 
interconnectedpenneable rocks must be' considered' 
when con~ptualiZil1gtheregiomilfiow .system of the 
Trans-Pecos. . . . .. , . ' 

"The hydraulic conditions of the Washita and 
FrederickSburg rocks in the Trans.,Pecos largely are 
unpredictable beCause the available hydrogeologic data 
are sparse and inconclusive. Mosfofthe Washita strata 
arid much of the' Fredericksburg strata in Pecos andTer
rell Counties .are.unreliablesomcesofground water 
because they are relatively imPermeable, orthey lie 
aoovethe saturated part ()fthe regional flow system. 
The hydratilic characteristics of the Washita and Fred
ericksburg strata in Reeves County have.not beendif~ 
ferentiated from that of the underlYing Trinity rocks' 
(Ogilbee and others;J962). WheretheWashlta and' 
Fredericksburg strata are saturated in eastern Pecos 
COUntYanci ill Terrell County,iheyprovide small quan.: 
tities ofwatertostoekwells.·Sotithwest of Fort Stock
ton (west.centralPeCosCoilnty),'liniestoneofthe 
Finlay Fonnationcontruns:a fault-controlled network 
ofinterconnected solution channels that has yielded up . 
to 2,500 gaIlminto irrigation wens (Annstrong and 
McMi11ion,1961,p. 59).Jri areas where solution chan-

nels have not developed, the equivalent strata yield 
considerably less water (100 to 500 gal/min) to individ
ual wells. The discharge of many wells and springs in 
southwestern Pecos County has decreased over the 
years because ground-water withdrawals have lowered 
water levels below the solution channels that comprise 
the zones of greatest hydraulic conductivity. 

Permeable Trinity stratain the Trans-Pecos 
include the basal Cretaceous sand, and in southern 
parts of Pecos and Terrell Counties, the Glen Rose 
Limestone and Maxon Sand (fig. 6). The Trinity Group 
generally is less than 500 ft thick in the Trans-Pecos, 
where much of it is unsaturated or marginally perme
able. The availability of ground water from the Trinity 
Group generally is untested in Terrell County, and the 
Maxon Sand and upperfewhundred feet of Glen Rose 
Limestone generally are not saturated in Brewster 
County. Neither the Glen Rose Limestone nor the 
Maxon Sand is present in R.eeves County, and the 
hydrologic aspects of the basal Cretaceous sand have 
notbeen distinguished from that of other Cretaceous 
strata in this area (OgillY-...-e.andothers, 196211" 27). 
Although the basal Cretaceous sand is only about 150 
ft thick:near Fort Stocl.'ton (fig. 9), this coarse-grained, 
quartzose.unit is an important source of groundwater 
in Pecos County (Armstrong and McMillion, 1961, 
p.57,62).The basal Cretaceous sand hasyieJded up to 
500ga1lmin of water to individual.industrial,.iriigation, 
and public-supply w~l1s in Pecos CountY. . 

The Edwards-Trinity . aquifer is connected 
hydraulically to the' Cenozoic Pecos .alluvium, which 
fills.two structuml.troughs in parts of Crane,Loving, 
Pecos,:Re,eves,Ward, ,and Wlrikler Counties. Much 
ofthe£dwards.,TrinitY strata was displaced and lateT 
eroded,fromthe area Ilow.Occupiedqy the~luviu~ 
as aresultofthe dissolutiolland collapse ofunderl,ying 
Pernnanrocks (M~ey andHuffington, 1953):The 
aIluvillm is p~edominatelY an unconsolidated to ~~ffii
cODsolidatedDili::tureofgravel;sand, silt; day, arid 
ca1iche~".Although. the alluvium is highly permeable 
in most'areas,the hydraulic conductivity varies greatly 
because'oidifferences ill the degree of sorting and . 
cementation. Where'theallirvium is stronglyeemented 
with'hardpan (a c81careouspredpitate), groundwater 
frequently is perched above ,the regional potentiometric 
surface .. Where the alluVium is saturated .and 
permeable, itcomposesthe Cenozoic Pecos alluvium 
aquifer (Ashworth, 1990, p. 14). This aquifer '{fig. 25 is 
thepcimary source of ground water fodrrlgation in 
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northern Reeves County and in northwestern Pecos 
County. 

The CenowicPecos.a11uvium rests on Permian 
and Triassicred beds in northern Reeves County, where 
the alluvium is greater than 1.500ftthick in p1aces 
(Barker and Ardis,inpress,pl. 2). Thinner deposits 
cover the north-facirigflarik of the southernmost 
trough, whose floor is composed of Cretaceous strata of 
the Edwards-TrinitY aquifer (Ashworth, 1990, figs. 3, 
5). Because the Cenozoic Pecos alluviuniis connected 
hydraulically to the Edwards-Trinity aquifer, the base 
of the alluvium is considered the base of the regional 
ground-water ... fiow system where the Edwards-Trinity 
rocks·areabsent (Barker.and Ardis, 1992). 

The Edwards-Trinity aquifer overlies the Doc
kumGroup of Triassic age in parts of Pecos and Reeves 
Counties (Barker and Ardis,inpress,pl. 2). The upper 
part of the Dockum Group is absent in some areas, 
causing sand of the Dockumaquifer (middle part of the 
DockUm Group) to merge withthebas~ Cretaceous 
sandofthe .. Edwards-Trinityaquifer(fig;2);Inthese 
areas,the depth ofregionalground-waterfiowmay 

. increase a few hundred fee1belowthebase oithe 
Edwards-Tiinityaqriifersystem (Barker and Ardis, 
1992). The Dockum.aguife:f'has.ooen.themain source 
of public ... suppIYv.'aterin n()rtheasternReeves County, 
whereital~oproyid~solIle,~aterforlivestock. 

Alth°~ghtheI:}f?Sklun.:aquiferdirectlyundedies 
theEdwards-Trini1,y~~7rjnv.'estern ~:kettlllld 
northeastern.ReevesGeFties.the extent!llldimpor:' 
tance()ftheDf?SkumaqJJif~ iSllDC:7rtainacross Pecos 
County (fig. 2).p:'he Edwards~Trini1,yaquifeiisdirect1y 
under1ain.in~~~eaQr,Pennian .and'I'rlassicredbeds 
that hay~~ot~Ildiffereiltiated(Barker:aJ]i;iArdis, in 
press,pls.2~:5):·f'h~~~rmostPermianT~kunit isa 
red siltStone.~emente!i~t:hID'.Psum ani;ica.Icite fuat 
resemblesthel~~erpart.ofth~over1YingI?f?Skum 
Group.Thel0'iV~r part oftbe Il?Ckum ()r0upis com
posed largelYQ~'reworked:U~rPenrBanred-bed 
strata,. Tileun~erenti~Ted;beds· •• ~ .• Pec9~County 
range from 0. toab()llLl;500ftithick;h~wever, .nopart 
of the intery<f1~ars to ~.aparticu1arlyvjablt:? source 
of potable~und~ater. A.ccordingtcAnnstrC>Ilgand 
McMillion(1?61,.p:37),·tbered .• bedsofPermi~and 
Triassic.a~e~ield "*** small amollIlts o}"Wateratvari
ousJocatio~s." If~emiddle DtlCkum unitjspresent in 
Pecos County, itl1llly be~erand less permeable 
than the D()cl:um~~er~f.adj~tcounties. 

TheT~s~P~os aqUifers pririlarilyare 
recharged tlfroughtbe infiltration of storm runoff' 

resulting from precipitation on thenorthem flanks of 
the Glass, Barilla, and Davis Mountains, and on the 
eastern flanks oithe Apache and Delaware Mountains 
(fig. 3). The headwaters of the streams that drain these 
mountains mostly are confined to narrow channels with 
nearly impervious streambedS .. The high-gradient 
headwater channels empty into comparatively Iow
gradient arroyos atop alluvial fans at the base of the 
mountains.During prolonged storms, runoff discharges 
from the mountain channels into the porous arroyos, 
which then recharge the Edwards':Trinity and Cenozoic 
Pecos alluvium aquifers. 

Considerable recharge occurs in south-central 
Pecos County where the arroyos traverse the alluvial 
aprons that overlie cavernous limestone of the 
Edwards-Trinity aquifer. Sinkholes in the limestone 
greatly expedite the recharge process (Armstrong and 
McMillion, 1961, p. 46; pl. ·14). Some recharge may 
occur as latera1subsurfaceinflow from strata deep 
within the mOllntains in northern Brewster andJeff . 
Davis Counties. However, such il1fl ow would have to 
penetrate rocks that are falilted.folded,and tilted to the 
extent~at fio",wo1l1d be.impeded, if not blocked 
entirelY(Rees 'and Bucknef' 1980, fig. 3 ). Much of the 
springflowin.theBaJrnorhea.areaofReeves County 
(fig.3)thaffollowsiprolonged periodsofheavyprecip
itation·hasbeen.·tracedtotheinfiltrationofprecipitation 
and .~torm~off i~~~arrowanticliI.lalYalleyalongthe 
eastel"Il.escarpmenf~fJhe.:I)avisMop.ntains(Whiteand 
oth~'~W41,p ..... l1~l·f'he~~su!ts.~fmore.recent . 
geochenrlca1·aIla1yse~by I .. iiF~~e·and Sharp (1987) 
indic~~'that~:substantiali><lrfofth~ su~ed . (1ong
term)~~~~!Dthese sPrir1~~l1lllyorigin~ from rel
:ativelY':remotelocauons .inililCi.near·the kpacheMoun~ 
!aiDS.· .. . , 

'" :' ,,":':': :".: - ,: ':'-"-: - ,.-.: ,-' ,,- " ~> -' 
Rechat"gehasbeen:inci~cedin J?llItsof thf~s

Peco~as the:r~sultHfv.'ater~!~veIdedille.8ausei:Irythe 
withdt-awa1~f~irr!gll!i.9n'\V~ter. In~spon~1t0V::~ter: 
level'~~1in~,~ .enozgicPec9~,alluyium~~f:eIl 
hydrallljc.gracljen .............tw~Il,the~~osIO.v~ranti,the . 
aquiferhav~re"e1:'sedfr-'?p1theirpr~yeloPIllent con
ditioninp~ o.f~ecos(~s!I"~?-g llll.'LMc~Uion, 
196 t •. p. 52),andReeves Counti.~s (OgilMeand o.thers, 
196~, p,3~~. The teco~~ver~· ]o~~stre~owto 
the3quifer.inp~ofnorthw , ................•. p~os andJ}orth
centralReeyesColIDtie~~h~~eaqu~fer .origimilly 
disc;llargedtotheriver .. ~akagefromthe Peco$lover 
is .?-~tn~~saril~beneficiaIt()theaquifer. as the con
centrations.of chloride and dissolved solids.m the 
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Pecos River can exceed 5;000 and 15,OOOmg/L, 
respectively (Grozierand others, 1966). 

Although,waterJevels declined more than200 ft 
in parts of Reeves County and more than 100ft in parts 
of Pecos County, decreasing rates of ground -water 
withdrawal sincethemid-1960'z; have allowed water 
levels to recover as much as 75ft in some wells (Bush 
and others, 1993). Reductions in irrigation pump age 
have occurred in response to (1 ) prolonged periods of 
greater-than-normaLprecipitation since the mid-
1970's; (2) fuel and labor costs that began to escalate 
during the 1970's; and (3)depressed profits in the agri-: 
cultural marketplace during the last 20years or so. An 
undetermined fraction of the irrigation water in shallow 
water-table areas percolates back to the saturated zone, 
thereby reducing the effect of ground-water withdrawal 
in somelow .. lyingareas of the Trans~Pecos.Despite 
this return flow and the decreasing rates ofwithdrawa1, 
water~levell:Jydrographs indicate thatwater levels have 
notreturnedto.predeye1opmentlevels in Pecos County 
(I.A. Small,U ~S.GeoiogicalSurvey,writtencommun., 
1990). Nor have watl!r]evels recovered fullyinReeves 
County (Sharp,1989,p.129). 

Whereas·well.withdray;a1s in the Trans-Pecos 
_ ____ wereneg1igibletllJ'ough~~out1945,witl)drawalrates 

---actelemted alongwitJfagnculfiiriilexpiinsion follow-

iI~gWorld.··w,~lI.Thell?~ber·ofiITigati()ll'\Vells . 
incre~ed annually.byalD1ost25~rcent ~tween 1946 ...... . 
and the late 1950's. Irrigationpumpage.from the 
Edw~ds~Trinity.and.Ceno~oicP~?sa1luviul"11·aquifers 
·in.Pecosan~Reeves·founties .. increased.·t().a?out·· 
550,OOOacfe"ft'yrbY;th~·hlte:l~,5Q.'S{ApIlsu;01lgand 
McMillion!· .. 1~61!.p .. ~;pgi1J>~ B.?'~"'0tl1~ts .• ·l96~, p. 
34). However:.withcfr~v.:31s:frOmtll~Ed'Wards':TrinitY 
aquifer decreasedt9·ah<>ut450,OOg.~e-ftlyr;during 
themid-.l97 O's(.LurryandPaylicek,19~1) .!:?p.ring this 
time, less than 1.250E!CJ't!~ftlyrofgrOu~d;wa~rwas.· 
pUr13pedinTerreUqollnty,y;h~n: ••. aJ>0utl,OOO .• acre-ftlyr 
wasuSedfOr~v:st~?and:~g~~n~~.ancI Pav-
licek, 1991) ..... ;',: . • ··'·:L ..• · ...... .•.•........•.......................•..•....... 

;. SpTIngfiowfrOII}th~ T~~,~Pecos~llifershas 
decr~substanti~lyasth~result0f wa.ter:-IeveI .. . 
declineScausedl:>YgToYnA-~at~rWithdra~alsJor.irri
gation. Alth()ughtilecDIIlbinedspringflowinPecos and 
Reeves Counties aye~agednearly~5'OO{)acre-ftlyrdur
ing themid-1940's(~!?"DngandMcMillion, 1961, 
p,··.43-.44; ·.Ogi1~an~()thrrs,.196~,p.28),springfiow 
averaged lessilian40,OOOacie-ftljrrduring the 1980's. 
Befo:e~946~about~8'OOO'acre-Wpofwater dis
charged' from spripgs:inPecos Connty;by J958. this . 

discharge had decreased to less than 2,000 acre-'fUyr 
(AnnstrongandMcMillion, 1961, p. 47). Despite 
short-teno surges in springflow during 1986-88 (Small 
and Ozuna, 1993, fig. 13),lipringfiow in Pecos County 
was pegligible during J961~90. 

The development of ground water in the Trans
Pecos probably has reDuced the loss of ground water to 
evapotranspiration. Ground-water losses through 
phreatophytes are locally important in.thePecosRiver 
valley, where the taproots of salt cedar, mesquite,and 
alfalfa may exceed 50 ft in length, 

The largest transrnisliivity values in the Trans-' 
.PecosarerecordedfortheCenozoic Pecos alluvium 
aquifer, where transmissivity probably averages about 
5,000 ttl/d. Transmissivity values reportedJor thicker 
parts oillie Cenozoic Pecos alluvium aquifer in north
central Reeves County areas larg~ as .20,OOO.tt2/d 
(Ogilbeeand others, 1962 •. p.37) •. Transmissivi1)' val
ues fortheWashit.a,Fredericksburg, and Trinity strata 
are variable and difficult toobtain. A few transmissiv
ity values derived from the. results of aquifer tests 
(Theis, 1935) ·.are reported for Pecos andR~ves Coun
ties by Armstrong and McMillion (1961) and Ogilbee 
and others (1962),respectivel,y.Although.~tra~smis
sivity· ofFredericksburgstratathatcontaina.1argenul:n:
ber.ofsolution·channelsinwest-centra1Pec12sCoun1)' 
isu~own,the.resultsofaq?ifertestsjn·~easofrela
tively.unaltered .. limestonegenerany •• inCliGflt;;1:ltJ.Il.~mis
sivityvalues.of less thanl,OOOft2/d. The analyses of 
drawdownand TeC?veo/datafromwe11scomp1etedin 
tb~basal. Cretaceous sand provide transmissivity val
uesrangingfromabout 500 to 1,OOO!f/d •..... 

...TheEciY"ards-Trini~aquife+srsten\,~§c~ 
undefliesllbollt.~2,OOOmi ... · of"#est~~~ill.Ie~,js· 
comp()sedofnearlY.flat"lying.c:lrbonate.~i:rata·9f:.··· .. 
rnost1y.C0r13~phl.!aIl(L<?~~r9~~lls)ag~.'J1l~.< 
Crl!taty<?usJ:DB~o~ .. tl1e •. ~lli~rr:.~~.~.~tn.;.~~l~()~~~ .. ," 
the northwesta~pp.ntassi\Te,.compara?v~lY~Prnne-
able;ind struchlrallYC0ll1pl~~~-9!e~~us:r~ks. 
From.predominat;lY.terrigegollsEl~t!~ e.~.~'1FBjn .. 
theeastand~uvhil~deltaic (terrestrial)deposi~ jp .the 
west,·.the.roc~q(~ar!Y'.;J'Bm!i~ag;~.g~~llP7Yai'ctj!lto 
supratida1ev~poriticand dolo;niticst:aci;in~rtida1 
limestone anl:ldo]()st()n~.and~~all12\V:m~~e •• oi:>e?: 
she.lf,and ree.falstrata of1ateTrinitian,1:;redericks.burg~ 
ian, andWashltan age. At1ri~k, .gowIlfa~l~re~antof 
mostly open-marinestra~ •. ofEaglefordiCil1Jhrollgh . 
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Navarroan age composes ,a small, southeastern part of 
the aquifer system. 

The regional aquifer system is divided into three 
aquifers and two confiningunits. Tbe aquifers are the 
Edwards aquifer in the Balcones fault zone,theTrinity 
aquifer in the Balconesfault zone and.Hil1 Country,and 
the Edwards-Trinity aquifer in the Edwards Plateau and 
Trans-Pecos. These aquifers arelatera11y adjacent 
except in the Balcones fault zone, where the rocks are 
downfaulted and the Trinity aquifer is overlain by the 
Edwards aquifer. The two confining units are the 
Navarro·DelRio confining unit, which overlies the 
subcrop of the Edwards aquifer,andthe Rammett con
fining unit, which lies within the updip, hasal part of the 
TTinityaquifer and asmall·southeastem fringe of the 
Edwards-Trinity aquifer. 

The depositional,1ectonic, and diagenetic cbar
acteristics of the· Cretaceous rocks of the Edwards
Trinity aquifer system are strikingly different from 
those of the underJymgpre-Cretaceousrocks. The rel
atively thin,nearlyfiat':'ljring Cretaceous strata of the 
aquifer system typically dip southeastward atop much 
thicker Paleozoic and Triassic units :tbat generally dip 
westward. The . unconformity between:the Cretaceous 
rocks of the aquifer systemandthepre.:.cretaceous 
complex marks a major changein.the geologic history 
of the study area; This hiatus spans a transition fromthe 
deposition of terrestriahedbeds.during Late Triassic 
time to the.depQsition.ofterrigenous Clastic and shal
low'"'marine carbonate seiliment§ dllriIlgEatly Creta
ceoustime, .trallSoondiIlgabout60million years of 
crustal warping and erosion during the lurassicPeriod. 

The.·Eatly CretaceOus sea encroached slowly 
westward upon a peneplained surface of folded an(J 
faulted pre-Cretaceous roCks:" Trinity deposition was 
characterized bya cyclic patierilofshoreline advances 
and .retreats,· suPerimPOsed upon an overall pattemof 
transgression. While tCrrestrialdepositlon prevailed on 
alluvial plains landward of the advancing shoreline, 
terrigenous aI!d;restnctOO,sh!1lio:w-marine environ; 
ments dominated the gently inp~ed. upper part of a 
contirientaI shelf ovel'wllich w1lrIp"generally clear sea
water ch-Culilted. Th~:i-esulting]jtliofades arediachr~ 
noDS toward. the Llano qp1ift,refiectingthe effects of 
sha1lowerwater and shoreline advancf:ment toward the 
nortbwesLThe Trinity Group ~f west-central Texas 
was deposited dUring thI'ee\iransgl"essive-regressive 
cycles of sedimentation; These dePosits include: 
(1) the Sycamore Sand (HosstonFormation, downdip) 
and Sligo FOlmation; (2) the Hammett Shale (pine 

Island Shale Member, downdip) and Cow Creek Lime
stone (Cow Creek Limestone. Member. downdip); and 
(3) the Hensel Sand (Bexar SbaleMember, down dip) 
and Glen Rose Limestone. The basal Cretaceous sand 
and Maxon Sand amassed in fluvial-deltaic settings 
west of the Llano uplift. 

The Fredericksburg Group and most of the 
Washita Group of west-central Texas were deposited 
leeward of the Stuart City reef trend upon a broad 
expanse of sea fioorcalled the Comanche shelf. The 
Kainer and Person Formations formed over the San 
Marcos arch, a comparatively narrow structural high 
dominated by tidal fiats and shallow water deposits that 
frequently underwent uplift, subaerial exposure, and 
erosion. The eastem part of the Fort Terrett FOITIlation 
and the Segovia Formation formed near the crest of the 
central Texas platform in mostly supratidal to restricted 
shaIlow-matine environments. The western part of the 
Fort Terrett Formation and the Fort Lancaster Forma
tion fomied in mostly open shallow-:marme to open
shelf environments transitional to the central Texas 
platformimd .Fort Stoc1.1:on basin. The FinlayForma
tion was deposited early in the Fort Stockton baSin 
when it wasmostIy a shallow. open lagoon; the .Bora
cho Formation was deposited later ina,deeper, shelf
basin· environment, The West Nueces, ,McKnight, and 
SalmonPeakF'ormations fomied within;irpersistently 
submerged Maverick.basili. EnVironment:s.inside the 
Maverick 'basin ,genera11y wereisolatedfiom northern 
environments by the Devils River reef trend, in :y.'hich 
the Devils.RiverFormation formed. . 

During late Oligocene .throughearlYMiocene 
time, Iarge~scale normal.fau1ting. created the Balco,nes 
fau}tzone,' within whichtlie Cretllcoous strata were· 
downfauited, intensively fractured, and . diffe~ntially 
rotatedwifhin a series of Dorilieast-trendingfaulf .. 
blocks. Giound-waterfiow sruftel::ltoward the northeast 
in respon~ tohigh:'ang1ebarrierfaultS:thatimpeded 
or complei~lyblocked southeastward flow.-F1oWpaths 
becamdncreasinglY'ingrained toward the northeast 
as evapOI1teS and unstable carbonate constituents dis
solved fromthe:fracturedteITain and discharged in that 
directiorrthrough springs and deeply entrenched 
streams. 

springs orig'inatedin topograprucatlylow areas, 
where barrier faults intercepted confined water at depth 
and divertediHo the surface. Arejuven~tt;iistream net
work hreached the overburden of low:permeability 
Gul(rocks.Providing. dischW:g~ areasJ()~ developing 
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aquifers in the underlying, relatively penneable 
Comanche rocks. 

The aquifers developed as flowpaths converged 
toward spring outlets, and the rocks became more per
meable through dissolution. Solution channels spread 
outward from the springs. Zones (}fhoneycombed and 
cavernous porosity evolved into major conduits of 
ground-water flow. The major springs persisted and 
controlmoderri potentiometric levels and discharge 
patterns. 

Erosion eventuallyremoved.most oHhe Freder
icksburg andWaShitastrata between the Balcones fault 
zone and theEdward~ Plateau, exposing Trinity strata 
inthe extensively dissected HiUCountry. The aquifers 
in the Hill Country, EdwardsPlateau, and Trans-Pecos 

. generally wereexc1uded from the vertical displace
ment, intensive. fracturing, and subsequent dissolution 
responsible for the hydraulic characteristics of the 
Edwards aquifer. . ... ... . . 

In addition to fracturing tberocksofthe BaI
cones faultroneand extending the depth of freshwater 
diagenesis, the Balcones faulting vertically displaced 
tbeterrain,whlch steepened hyckaUlic gradients and 
maintained relatively Jargeflow velocities near thesur
face. A shall0-w' dynamic flow system evolved, which 
promoted diisolutionandenhancedthetransmissiVity 
of the Edwar(lsaquifer.Cementation,recrystallization, 
andmlneci!r~placeJ!l~nt-{;au~~bydeeF',comp'ara
tivelysllJggishgrountl-V{atercircillation-combioed to 
dimini.~hthe.t:ransmiss~Vityot·t11~TrinityandEdwards- . 
Tpru~y~quifeJ:s. Altilqu ghiransI¢ssivil:yvaluf!S in the 
EdwarCis.aquifer~averageabout75p;OQOif/Ci,transmis
siVity values ~lsewh~~~a'Ver~geJ~sthan ] Q,ODOR/d. 

TheEdYiardsaqtlifei~tPe.13fllconesfa1iltzqne 
is one·. ofJh~ ··.IIlost·pr~uctiveresery{)irs{)fJlOtable 
.groUIld·waterin •. th.e ~~tioll.TheEdward~~uifer·.is .. the 
prin1~·squtce ofWater~IttpeSanAn~(}Ilioarea,·where 
it se~~~~~{d§rn~stiS':P~~¥L1"s~P1JIY'in~ustrial, llIld· 
agpcu]turatneed~·?frnorflh~J.nt!I4on.~ple .. ·The 
Ed~~s·.·~¥fl.t5~~p1s~s.th~ .• ~wards·CTl"0l1Pandthe 
Georg7~WiifqTrriati~n~}i1theIl0itheasternpart of the 
Balcolles. f~ultzoee~dfh~I?eyn~ River, West Nueces, 
McKl1ight,atldSaIntqnP~likF{)l1J)~~oes in fhesqufh
weste~part(}fthe ~alcon:sfau1tzone.Clr0und-water 
fl<?~largelyj~sontrol1edb?, .·.~.apis01r9picpattem of 
hydrauliccoudtlctivity: .Themrgestvallles. oftransmls
siVitYare·align~withthenetwork of en echelon faults 
that belld arollnd the southeastern fl.ank oftileUano 
uplift;th~principa1 flow direction is northeastward. 
Transmissivity valuf!Srange from about 200,00010 

about 2,000,000 tt2/d. Well withdrnwalshave steadily 
increased, averaging about 470,000 acre-ftlyrduring 
the 1980's. . 

The Trinity aquifer, composed oithe Trinity 
Group in the Balconesfault zone and Hill Country, 
dominates the ground-water hydrology of the Hill 
Country,where most of the Fredericksburg and practi
cally all of the Washita strata are absent. Strongly 
cemented,hydraulically tight sediments within upper 
and middle parts of the Glen Rose Formationgellerally 
imp"'...de the downward percolation ofprecipitatioll, 
which results in shallowflowpatbs above the regional 
flow system. Ground water is commonly perched in 
interstrearnareasabove the base. level of adjacent 
streams. Thus, much of the shallow ground water in 
interstream.segments of the Hill CountlJ'is discharged 
to perenniaLstreams. that draintbe area instearl of per
colatingto. the regional fiowsystem. Streamfiowgains 
in the Hill Conntry tYpically arelost to the downstream 
recharge areaof the Edwards figllifer in the Balcones 
fault zone where the streams cross major faults and 
flow. ontotherelative!ypermea'ble outcrop,oftbe 
Edwards Group; Ground-water.pumpage in: the Hill 
CountlJ'.totaledbetween 1 O,OOO:and15,OOO acre-ftlyr 
duringthe.mld-1970~s. Transmissivity valu(!srimge 
fiolIlJesstban 1,000 to about 50,000 Wid and average 
about5,OOO·ft2/d; 

Th~Edwarcls-Trinityaquifer intbe,Eclwariis Pla
teaucoIIlPrises~Cretaceous setiimentsf;elowthe Del 
Rio ·C1ay,orBudaLimestonewheretbeDelRioClayis 
absenLWashita and FrederickSburg rocks are.theprin
cipa1water-producingzoDf~sin southern Parts of the 
area,exc~twhere theyarebreach~~yerosionalong 
th~· •. val1~y~of~~.SgllSh~, .•. Guad<tlu'pc,·.;'~o~ •. ·1?ec;os, 
Pedernales,andSanBabaRivers. Inthesetopogr<!phi-
caIlyl01"areas,middleaIldloV{erTrinityunits~qg
menttpe~aIleyallu~umJlstbemaiJl·.sourQe~ ·ofground 
water.~epasal Cretareous~and~tl1e;prie91'alaqui
feririll?rthw~tel11.IJarts .·of)lleareif am:tfiIongparts· of 
the~~osRivervfiJI~y.IIYc1rau1ic~(>n~ti<:lns intbe. . 
EdV{aI"dsP~te~u··l11o~q?'iaref?Jlfi~~ori~~l"11i9(}W1ned, 
exceptio the .sha1lowest'V{~"t1"ansrpittin.gzo~$and 
neartlJe.:frPges ofFred~ricks~.m:gstrata:wh~resandy 
Trinity ~eI1tscropouLA~llt89Pe~cent of the 
roughly 13Q'OOO<u:re::ft of mmualpllII!pag~was used 
for irriglltiOIl:d~g~emid:19{0·s.'"W~r,"level 
hydrographsreflec::tacys1icreflpclDbet";'eeIlTecharge 
from pl'ec::i~i~~on.~~",a~r,"lev~lchapg~: •.. (l)declin~ 
ing waterlev~~·4uring·lllqst.·.·of.~.e.l.9fiO.'S' ...• ·VVhenpre
CipitationwR?l>elownormal;(2);rising;water levels 
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during most of the 1970's, when precipitation was 
above nonna1;and (3) declining water levels during 
most of the 1980's, when precipitation was .belownor
mal. Althoughtiansmissivity'valuesprobablyaverage 
less than5,OOOttZld over most of the Edwards Plateau, 
theymay.approaeh 1O,000tt2/d insouthemparts of the 
area, where the Cretaceou~s~entsare thickest. 

The .Edwards-Trinityaquifer in the Trans-Pecos 
comprises all Cretaceous sediments below the Del Rio' 
Clay, or Buda Limestone where the Del Rio Clay is 
absent. Water from the Edwards-Trinity aquiferis sup
plemented bywaterfrom the Cenozoic Pecos alluvium 
aquifer and the Docl'11maquifer. Because of accelerat
ing rates of ground-water withdrawal associated with 
agricultural expansion following World War n, water 
levels declinec]and springfiowdecreasedsharply.A:fter 
irrigationpumpage in Pecos and Reeves' Counties had 
increasedtoaoout550,OOOacre-ftlyrbythelate1950's. 
total pumpagectecreased to about 450,000 acre-ftlyr 
duringth;mid~lnp's. OrilY·about 1,250'acre-ftlyr of 
ground water 'Waspumped~'I'errell COllntyduring the 
mid.,1970's.Springfiow~J.'eased fi'omanaverage of 
nearly 85,()()()acre-ftlyr during the mid-1940!sto less 
than 40,OO0ac,:re-ftlyrduring .the 1980's. Transmissiv
ityvaluesinth6£dwards:Trinityaquifer'generillyare 
less than 1,OOOfi2/d. The largest transmissivity values 
are in theCenozoicPecos~!lviumaqllifer, where val
uesaverageabou.t 5,000 ft2(d~d areaslargeas 20,000 
fi2ldinth~tliickerparts of the aquifer in north-central 
Reeves COuDtY. . 
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Note from the Editors: 
In 2001, at the request of one of our board members at the time, Ms. Kathleen Hartnett 
White, the Texas Water Development Board held a conference in Alpine c.alled "Aquifers 

-of West Texas." The conference was a big success: good attendance, good information, 
and good camaraderie among Texans interested in and concerned with groundwater. The 
conference drew attendees from the Edwards Plateau region, several of which asked: 
"When is ourconference?" Well, after two years (and a number oflong nights and 
weekends) in the making: Here it is! 

We are proud to have assembled a great collection of speakers and papers to present an 
overview ofthe aquifers .and some groundwater issues of the Edwards Plateau. Similar to 
the "Aquifers of West Texas" conference, we identified topics we wanted addressed and 
then identified potential speakers to invite to discuss each ufthe topics. We also asked 
each of the speakers to write a chapter to include in the volume you are now holding. 
This volume is meantto be astand-alone document as well as a proceedings of the 
conference held in San Angelo on February 9th, 2004. 

Orchestrating the conference and this document was a great task, and we are thankful for 
the assistance of manypeopJe. First, we thank our speakers and authors fortheir 
contributions to the conference and volume and their willingness to share their 
knowledge. We also thank the Texas A &MUniversity Research Extension Center, San 
Angelo (Dr. John Walker and Jodi Huybers) for providing the space to hold our 

. conference. Weare also thankful to Deborah Reyes (TWDB) and Carla Daws (TWDB) 
for publicizing the conference. We are grateful to Mike Parcher (TWDB) for his 
assistance in printing this volume. We also thank our Executive Administrator,!. Kevin 
Ward, for his support ofthis conference. Finally, we thank our former board member, 
Ms. Kathlf~enHartnett White, now Chairman of the Texas Commission of Environmental 
Quality, for the initial idea of this conference. . 

If you are from one ofthe bordering areas of the Edwards Plateau, fear not: We plan to 
continue this conference series across Texas. 

Robert E. Mace 
Edward S. Angle 
William F. Mullican, III 
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Chapter 1 

Aquifers of the Ed"rards Plateau 

Robert E. Mace l and Edward S. Angle l 

Introduction 

The Edwards Plateau occupies the west-central part of Texas, extending from the Hill 
Country near Austin and San Antonio up to the mountains of West Texas and extending 
into the High Plains. Because of low rainfalls, the frequency of drought, and few major 
rivers,groundwater is an important source ofwaterto the peop]eand environmental 
resources of the Edwards Plateau area. The hydrogeologic centerpiece of the Edwards 
Plateau is the Edwards-Trinity (plateau) aquifer, one of the major aquifers of the state; 
Around and i l1 hydraulic connection with this centerpiece are a number ofmajor and 
minor aquifers including the Capitan Reef, Cenozoic Pecos Alluvium, Dockum, Edwards 
(Balcones FaultZone),E1Jenburger-SanSaba, Hickory, Lipan, Marble Falls, Ogallala, 
Rustler, and Trinity aquifers. Many towns and rural areas in the Edwards Plateau area 
rely on groundwater. Total groundwater usage in the area has ranged from about 500,000 
to over 700,OOOacre-ftper year over the past 20 years. Abetter understanding of how 
these aquifers behave is important for better understanding how to best manage the scarce 
water resources that do exist jn the Edwards:Plateau. The purpose ofthis paper is to 
present a general overview oft4e aquifers of the Edwards Plateau and recent scientific 
and planning activities concerning these aquifers. 

LocatioIl,Physiography, and Climate . 

Our focusisontheEdwards Plateau area of Texas (Figure 1-1). This area comprises a 
large part ofstateandinc1udes the following 51 counties: Andrews, Bandera, Blanco, 
Brewster,Brown, Burnet,C6ke, CoJeman,Concho, Crane, Crockett,Culberson,Ector, 
Edwards, GiIlespie, Glasscock, Howard, Irion, Jeff Davis, Kendall, Kerr, Kimble, 
Kinney ,Lampasas, Llano, Loving, Martin,Mason,McCulloch,Menard, Midland,· Mills, 
Mitchell, Nolap,Pecos, Reagon, Real, Reeves, Rminels, SanSaba,SchJeicher;Sterling, 
Sutton, Taylor, Terrell, TomGreen,Upton,Uvalde,VaJ Verde,Ward, and Winkler. A 
total of 39 countieshirvepopulations of Jess than 20,000 people as of 2000 with four 
counties (Bctor, Midland, Taylor, andTom Green) with populations ofmorethan 
100,000 peopIe(TabIe 1-1). The population in the area has grownby almost 80 percent 
since 1950, increasing by more than 440,000 people (Table 1-1). However, 19 counties 

1 Texas Water Development Board 
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Location of the study .area in the Edwards Plateau area. Bexar,Comal, 
H?-ys~Medina, Presidio" and Travis counties are shown for orientation 
purposes and are not considered in this paper. 

" " 

have decreasedinpo'pulation since 1950. Total groundwater use hasranged'from 443,000 
to 954,000 ,acre~feetper 'year over thepasUwenty'years(Flgure'l':2). 1n2000, 26 counties 
got moi:ethan75'pe~celit of their water from aquifers of the Edwards Plateau (Table }:-1). 

This part of Texas is primarily 10c~ted in th~ southern portion o{GreatPfai~s 'Province 
(F ennemal1, 1931),. whic1iischaractetized. by asymmetric ridges or.mountarns and broad 
intervemngbasins'(Bates anc! Jackson, 1984); Elevations range from 5; 0.00 reef above sea 

. level ni'thewesternportion Offhe'reg-ion to 500 Jeeiabove sea levelonthe:easterri side; 

The Ri():Grm1deandtQe"Cdlorado,andPecosriv~rsarethemajorrivers'thancutihro1!gh 
the EdwardsPlat~au area, (Figure J -3). The headyvaters of the. Gpadalupe,'Nuece's. and 
SanAntonioriversar~a:rso lecated in the Edwards Plateau area (Flgurel;3).Flowmthe 
Rio Grande in-this part of Texas is primarily controlled by inflows frblIlthe Riq Conch os 
near,Pr~sidio; T~eJ?ecosRiver isamajor tributary to the Rio Gni~de'iillttoriginate$ in 
New,M~xico~Tll5!rh;_f?r. is impoundecl. in Red . BluffL*e in Loving ,County. and. is used 
f()T iriigationin Pecos, Reeves, andWardcounties. ," . 

Most of the study ,~rea range~ from subhumi'd intheeastemp6rtion to; semiarid in the 
western areas {Walker 1979). Average annual precipitation ranges~ from less than 1 0 
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Table 1-1: Popu]ationandgroundwater use for counties in the Edwards Plateau 
area for selected years. 

P012ulation Groundwater use (acre-feet) 
County ]950 1980 1990 .2000 1980 1990 2000 %G'" 
Andrews 5;002 13,323 ]4,338 13,004 21,443 15,132 24,123 99.7 
Bandera 4,410 7,084 10,562 17,645 ],320 1,848 2,653 85.7 
Blanco 3,780 4,681 5,972 . 8,418 886 1,514 1,288 74.1 
Brewster 7,309 7,573 8,681 8,866 3,126 2,551 3,967 92.5 
Brown 28,607 33,057 34,371 37,674 1,049 1,6]} 2,788 13.0 
Burnet 10,356 17,803 22,677 34,147 2,123 1;946 2,957 ~~ ') .J.J ._ 

Coke 4,045 3,196 3,424 3,864 451 678 1,070 37.6 
Coleman 15,503 10,439 9,710 9,235 257 ]13 115 4.0 
Concho 5,078 2,915 3,044 3,966 1,595 3,287 3,473 91.1 
Crane 3,965 4,600 4,652 3,996 2,780 2,676 2,081 59.1 
Crockett 3,981 4,608 4,078 4,099 6,606 4,561 3,376 87.4 
Culberson 1,825 3,315 3,407 2,975 ·76,119 12,580 27,030 99.9 
Ector 42,102 115,374 118,934 121,123 .. 25,]44 20,551 17,546 28.4 
Edwards 2,908 2,033 2,266 2,162 1,310 854 1,041 90.3 
Gillespie 10,520 13,532 17,204 20,814 4,242 5,729 6,325 89.2 
Glasscock 1,089 1,304 1,447 1,406 40,443 27,491 35,788 99.9 
Howard 26,722 33,142 32,343 33,627 2,682 4,141 6,103 38.8 
Irion 1,590 ],386 1,629 1,771 1,030 1,458 1,542 56.6 
leffDavis 2,090 ],647 1,946 2,207 26,872 3,767 1,084 96.4 
Kendall 5,423 10,635 14,589 23,743 1,748 ?~')? -,-'-- 3,499 79.6 
Kerr . ]4,022 28,780 36,304 43,653 5,716 3,]76 3,818 43,0 
Kimble 4,619 4,063 4,122 4,468 1,103 845 707 25.7 
Kinney 2,668 2,279 3,119 3,379 10,834 8,394 15,833 99.4 
Lampasas 9,929 12,005 13,521 17,762 1,192 993 1,872 8.0 
LlariO 5;377 10,144 ] 1;631 17,044 1,958 2,122 1,824 27A 
Loving 227 9] 107 67 64 44 46 11.2 
Martin 5,54] 4,684 4,956 4,746 21,118 13,919 15,693 97.4 
Mason 4,945 3,683 3,423 .3,738 16,861 18,077 11;602 97.1 
Mcculloch 11,701 8,735 8;778 8,205 7,515 6,060 7,137 96.2 
Menard 4,175 2;346 2,252 2,360 709 767 1,132 28A 
Midland 25;785 82,636 106,611 116,009 31,975 34,173 32,945 523 
Mills 5,999 4,477 4,531 5,151 1,340 1,245 952 19A 
Mitchell 14~357 9,088 8,016 9,698 3,611 2;249 7,103 39.1 
Nolan 19,808 ]7,359 16,594 15,802 3;710 3;611 6,079 59.8 
Pecos 9,939 14,618 14;675 16,809 111,250 67,552 78,563 97.7 

. Reagan 3,127 4,135 4;514 3;326 24,378 39,919 18,724 99.8 
Rea] 2,479 2,469 2,412 3,047 . 632 770 480 51.1 
Reeves 11,745 15,801 15,852 13,137 120,524 40,] 17 68,285 85.9 
Runnels 16,771 11,872 n,294 11,495 2,027 1,866 973 27.8 
San Baba 8,666 ·6,204 5,401 6,186 3,705 1;919 2,763 45.9 
Schleicher 2,852 2,820 2,990 2,935 2,350 2,113 3,364 96.9 
Sterling 1,282 1,206 1,438 1,393 2,245 1,814 1,813 96.1 
Sutton 3,746 5,130 4,135 4,077 3,799 ·2,574 3,373 96.8 
Taylor 63,370 110,932 119,655 126,555 2,891 914 872 2.0 
Terrell 3,189 1,595 1,410 1,081 1,379 1,139 546 85.2 
Tom Green 58,929 84,784 98,458 104,010 15,268 28,246 22,609 42.3 
Upton 5;307 . 4,619 4,447 3,404 19,516 16,310 16,098 99.7 
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Table 1-1 (cont): Population and groundwater use for counties in the Edwards 
Plateau area for selected years. 

P012ulation Groundwater use (acre-feet) 
County 1950 1980 1990 2000 1980 1990 2000 
Uvalde 16,015 22,441 .23,340 25,926 - 81,196 144,522 66,083 
Val Verde 16,635 35,910 38;721 44,856 1,673 4,211 16,217 
Ward 13,346 13,976 13,115 10,909 33,311 10,670 12,164 
Winkler 10.064 9;944 8.626 7.173 8.356 3.171 5.5] 6 
Total: 255,8T1 549,592 660,934 754,099 621,194 310,308 447,935 

% GW = percent of total water use in 1997 that was met with groundwater. 
Groundwater use includes use from all aquifers, including those not discussed in this paper. 
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Average 
'annual 
precipitation 
(il'lches) . 

14 16 18 20 22 

20 
·N 

I 

28 

22 24 26 

. . 

.~ .. ' . SO miles 
...... ~--'--"" --" 

twdb2DD3-022 

Figure 1-4~ A.m9unt of average, annual precipitation in the Edwards I'lateau area 
(after Larkin arid Bomar, 198:3). . 
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Figure 1-5: Amount of average gross lake-surface evaporation rates in theEdwards 
Plateau area (after Larkin and Bomar, 1983). 

inches in thewestto morethari30 inches in east (Figure 1-4). Late spring and early 
summer bring the, greatest rainfalls to the eastern portion of the plateau while 'late summer 
resultsin theheaviestrainfal1 in the western areas. Average annual' gross lake-surface 
evaporation rates range from Jess than 65 inches in east to more than 90 inches in west 
(Figure 1-5). 

Aquifers of the Edwards Plateau 

TheEdwardsPlateau~reaincludes all or part of 12 aquifers recognized by the Texas 
Water Deve]oprnentBoard {Figure 1-6). Five majoraquifers,th,eEdwards (Balcones 
Fault Zone), the Edwards-Trinity (plateau), the Cenozoic Pecos Alluvium, the Ogallala, 
and the Trinity are found in fhearea.Sevenminoraquifersarealso1ocated in the area 
including the Capitan Reef, Dockum, Ellenburger-San Saba, Hickory, Lipan, Marble 
Falls, and Rustler aquifers. The Texas Water Development Board (TWDB) has assigned 

, a major anclminor status to the, State's aquifers based on the quantity, of water supplied by 
each aquifer (Ashworth;:mdHopkins" 19Q5). In addition to the aquifer recognized by the 
TWDB,thereare several other geologic formations that locally produce water, 
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Figure 1-6: 
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N 
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\ 

Edwards 

Location of recognized major and minor aquifers in Far West Texas 
(delineations from TWDB, map does not include the Igneous, West 
Texas Bolsons, and Marathon aquifers). 

Themajoraquifershavehadanumberofscientific studies done onthem.However, with 
a fewexceptionsin some local areas,fheminor aquifers have had little to almost no 
groundwater studies done on them. 

Thegeneralinfonnationpresented below is. from "Aquifers of Texas"byAshworthand 
Hopkins (l993);"Aquifers of West Texas" by_Mace and others (2001); the regjonal water 
plans of the RegionF, Lower Colorado, South Central Texas,Plateau,andFarWest 
TexasTegions; and water-uSe infonnafionfrom TVv'DB surveys.and estimates. BradJey 
and1v!al~taff(2004,Chapterl0 of this volume) discuss drought in the area. Paine {2004, 
Chapter 120f this volume} discussesnaturalandoi1~fieIdcontimiinationin an area of the 
Edwards Plateau, and Standen and Opdyke (2004; ChapterlJcifthis volume) discuss 
aquifer susceptibi,lity to contaminants. Edwards and others (20p4,Chapter ] 30f this 
volume) discuss the aquifer-dependant fishesofthe Edwards Plateau; Keese and others 
(2004, Chapter'14ofthis voIume).eva]uate climate, vegetation, and soil controls 011 

groundwater recharge in Texas,includingthe Edwards Plateau. Arroyo and Mullican 
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(2004, Chapter 15 ofthis volume)discuss desalination, and Hart (2004, Chapter 16 of 
this volume) discuss brush control. Chowdhury and others (2004, Chapter 17 ofthis 
volume) discuss the origin of flow to the San Solomon Spring system. 

Capitan Reef aquifer 

The Capitan Reefaquifer consists of two strips located in Brewster, Culberson, 
Hudspeth, Jeff Davis, Pecos, Reeves, Ward, and Winkler counties (Figure 1-6) and 
extends northward into New Mexico. The aquifer is an ancient reef consisting of 2,360 ft 
of dolomite and limestone, and, in Texas, generally has poor water quality except in the 
exposed areas of the aquifer. Most of the water pumped from the aquifer is in Ward and 
Winkler counties for water-flooding operations in oil-producing areas. A small amount 
water is used for irrigation in Pecos and Culberson counties. Carlsbad, New Mexico, 
relies on the aquifer for municipal use. Pumping from the aquifer in the Edwards Plateau 
area over the past twenty years has ranged from less than 30 to about 12,500 acre-ft per 
year (Table 1-2). Recent pumping has been less than 50 acre-ft peryear. The Capitan 
Reef aquiferisdiscussed in moredetaif by Uliana(200l) in "Aquifers of West Texas" 
(Mace and others, 2001). 

Cenozoic Pecos Alluvium aquifer 

The Cenozoic Pecos Alluvium aquifer is located in Andrews,Crane, Crockett, Culberson, 
Ector, Jeff Davis, Loving, Pecos, Reeves, Upton, Ward, and Wirikler counties (Figure 1-
6) and extends to the north into New;,Mexico. The aquifer consists of sands, gravels, and 
cIaysofancientriver deposits of up, to 1,500 ft thick. The aquifer is connected to the 
Dockum and Edwards-Trinity (plateau) aquifers where they existundemeath the 
alluviull1.\Vaterqualityis naturally highJ:vvariable andhas also been locally impacted by 
pastactivitiesofthepetroleum industry. Water levels have declined more than 200·ft ill 
south-central Reeves andnorthwestPecoscountiesbuthaveremailledsomewhat steady 
since the 19705 with.a decreaseinirfigation. Lowered water levels have decreased 
baseflow to the Pecos River and, in some cases, now caUse the river to·lose water to the 
aquifer. PumpingfroT11 the aquifer in theEdwardsPlateau area over the past twenty years 

. has Tanged from about 64,000 to about200,000acre~ft per year (Table 1-2). Reeves 
County has been the largest user of groundwater from the aquifer, using 67 percent of the 
total water pumped in 1997. The Cenozoic Pecos Alluvium aquiferis discussed in more 
detaUby Jones (20Q4;Chapter6 of this volume).· . 

Dockum aquifer 

The Dockum aquifer is located in Andrews, Coke, Crane, Crockett, Ector, Glasscock, 
Howard, Irion, Loving, Martin, Midland, Mitchell, Nolan,Pecos, Reagon, Reeves, 
Sterling,· Tom Green, Upton, Ward, alldWiriklercountiesin the EdwatdsPlateau area 
(Figure 1-6) and extends to the north beneath the OgaUalaaquifer and to the northwest 
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Table] -2: Groundwater use for the different aquifers in the Edwards Plateau area 
(acre-feet). This table only includes groundwater use in the counties 
listed in the Location section ofthis paper. 

Year 
1980 1984 1985 1986 1987 1988 1989 
1990 1991 1992 1993 1994 1995 1996 

Aguifer 1997 J 998 1999 2000 
Capitan Reef Complex 12,450 826 645 95 62 62 582 

181 583 156 724 642 510 398 
41 26 26 28 

Cenozoic Pecos Alluvium 199,327 127,460 ] 02,719 93,947 75,260 79,]09 106,541 
71,377 70,348 64,220 388,502 152,290 159,427 150,621 

151.371 165.084 143.806 132.456 
Dockum 12,715 ]2,894 14,813 10,860 ] 0,004 10,210 9,808 

8,301 8,841 8,734 1] ,024 10,638 7,981 9,277 
8.432 9.196 10.019 8.260 

Edward (BFZ) 81,265 157,365 156,567 126,656 105,155 139,328 159,878 
145,346 119,805 47,592 ] 13,493 99,221 71,447 91,970 
66.464 72.485 84.861 72.369 

Edwards-Trinity (Plateau) ] 84,129 205,845 ]63,347 17],74] 149,924 153,225 ]68,308 
153,441 164,327 151,280 212,185 181,165 201,393 ]84,180 
176.708 192.717 156.151 ] 53:37] 

.Ellenburger,San .Saba 4,948 6,293 6,293 5,447 6,238 5,222 4,638. 
6,659 6,413 6,473 6,737 7,498 5,518 5,854 
6.172 5,919 6A55 5.853 

Hickory 28,348 16;728 '28,250 26,764 24,595 .27,616 28,130 
26,402 26,638 20,857 24,000 23,523 22,094 20,658 
19.603 21.379 19.099 17.634 

Igneous 5,135 2,465 2,613 2,677 2,185 2,623 2,1 ]8 
.. 2;217 2,727 . 2,646 2,594 . .2,762 2,697 2,629 

2.968 3.237 3.239 2;635 
Lipan 10,121 22,794 19,653 17,333 ] 4,534 22,672 24,383 

24,588 20,512 13;850 63,867 60,581 76,180 35,230 
66.292 72.298 25;781 37.560 

Marble Falls 1;350 1;278 1;141 987 7]8 772 814 
790 749 693 702 1,524 1,601 1,647 

1.644 1.793 1.646 1.468 
Ogallala 73,283 58,124 .57,240 49,075 36,434 45_,606 51,249 

60,217 50;770 . 62,013 61,609 88,476 92,930 86,018 
76.134 83.031 83.625 73,097 

Rustler 371 539 ····327 297 30] 251 268 
246 .302 310 681 1;486 1,605 1,515 

1;584, 1.728 1.542 ] ,380 
Trinity 14,693 12;385 13,640 13,326 12,181 13,074 14,465 

13,505 13,234 14,250 16;296 17,093 18,120 19;427 
]8.765 20A65 19.940 17.296 

West Texas Bolsons 75,582 . 21,548 24,098 19,890 20,238 21;697 15,584 
12,752 n,nS· 13,987 . 7,936 8,818 8,968 9,387 
9.860 10.753 15.')40 10.338 

Other aquifers 25,308 24,208 23,509 20,697 19,002 24,226 23,813 
15,989 18,581 16,203 23,943 18,678 20,351 16,899 
20.014 21.827 15.534 15.560 

Total 729,025 664,606 614,855 559,792 476,831 545,693 610,579 
542,011 515,618 423,264 934,293 674,395 690,822 635;710 
626,052 681,938 586,965 549,305 
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into New Mexico. The Dockum aquifer consists· of up to ·700 ft of sand andcongl omerate 
with layers of silt and shale of the Dockum Group. Water quality is variable and is used 
for water-flooding operations in oil-producing areas ofthe southern High Plains. 
Pumping from the aquifer in the counties in the study area over the past twenty years has 
ranged from about8,00() to about 15,000 acre·;ft per year (Table 1-2). The Dockum 
aquiferisdiscussed.inmore detail by Kalaswad and Bradley (2004; Chapter 7 of this 
volume). . . 

Edwards (Balcones Fault Zone) aquifer 

The Edwards (Balcones Fault Zone) aquifer is located in Bexar,Comal, Hays, Kinney, 
Medina, Travis, and Uvalde counties in the Edwards Plateau area (Figure 1-6) and .. . 

extends north into Bell and Williamson counties. The Edwards (Balcones Fault Zone) 
aquifer consists of the Georgetown Limestone, formations ofthe Edwards Group and its 
equivalents, and the Comanche Peak limestone where it exists. The thickness of the 
aquifer ranges from.200 to 400 feet. Water quality and quantity are excellent. Much of 
the water is used for agricultural and municipalpurposes. Pumping from the aquifer in 
Kinn~yandUvaldecountiesin.the study area over the past twenty years has ranged from· 
about 50,000 to about 160,000 acre-ft per year (Table 1-2). Mace and Anaya (Chapter 18 
of this. volume) discuss the Edwards (Balcones Fault Zone ) aquifer in Kinney County in . 
more detaiL The reader.isdirected to Maclay andLand (1988) and.Klemt and otbers 
(1979) for more detailed overviews of the aquifer. The Edwards {Balcones FaultZone) 
aquifer is expeCted to be the focus oran upcoming Aquifers of Texas conference. 

Edwards--Trinity {P:lateau) aquifer . 

The Edwards-c'J.'rinitY;(plateau)aguifer is the .hydrogeologiccenterpiece ofthe Edwards' 
Platea1.Fand·is·hydraulicallyconl1ected,in one way or the other, to every other aquifer 
discu~sed in this paper. The~dwards-: Trinity (Plateau) aquifer underlies Bandera, 
Blarico,BreYister,cdke,Ccmcfiq,:Crane,Crockett, Culberson, :Ector~Edwards,· Gillespie, 
Glasscock.;]iion, JeffDavis~FCeIT~Kendall, .K.irrible,:Kinney, Mason,McCulloch,' . 
Mena.rd,'Midlanq,NOla1,1, Pecos, Reagan, Real, Reeves, Schh€icher, Sterling, Sutton, 
Taylor; TetteIl~Tom ·Gree~, -Upton; Uvalde, Val Verde, Ward, and Winkler counties 
(Figurel~~?#~dexteI1dsso"uth\¥ardinto Mexico~Equivalentr06ks oftheEdw~rds-' 

. Trinity (plateau) aquifer' extend north of the Plateau· area under the Qgallala aqliIfer are 
re~~griiZelas'theEd~~rds':"TTinit:Y(HighPlainS) aquifer (Ashworth and Hqpkins, 1995) . 

. Th~·~d~~rds"':iTi1iitY{Plate~ll}.aguifer c~nsistsofmcksofthe.·;Col11anchePeak, Edwards, 
and Georget0-wii Fo:rmafidns', aI1d ihe Trinity Group. ·The Trinity Oroupconsistsprhnarily .. 
otsahds(AntIf~rsan4fI\,1axim:sarids)and limestones, The Comanche Peak, E(1\¥ards, and 
d~brgetownEonnatrbnsconsistprlmari1yoflimestones .and dol()mites. Pumping from 

. theaqtiifer overlhepasftwenty years has fanged from about-150;OOOtoabout 200,000 
acre.;ftper~yr·rfaljJe 1-2). The:edwards-Tiinity (plateau) aquifer. is rliscussed in more 
detai1.byAnaya{Z004)for theiquiferin Texas. (Chapter 20fthrs volume },i?Y Boghici 
(2001) for the aquifer in Mexico. (Chaptet40f thisvoll.lme), and by Nance (2004 ) on the 
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groundwater chemistry (Chapter 3 of this volume). Mace and Anaya (2004; Chapter 18 of 
this volume) discuss recharge in Kinney County in greater detail. 

Ellenburger-San Saba aquifer 

The Ellenburger-San Saba aquifer is located in Blanco, Brown, Burnet, Coleman, 
Concho, Gillespie,Kendall, Kerr, Kimble, Lampasas, Llano, Mason, McCulloch, 
Menard, Mills, and San Saba counties (Figure] -6). The aquifer consists oflimestone and 
dolomite facies of Cambrian and early Ordovician age (Ashworth and Hopkins, 1995). 
The outcrop ofthe aquifer encircles the core of the Llano Uplift. The down-dip portions 
of the aquifer areas deep as 3,000 feet. The majority of water pumped from this aquifer 
is use for municipal supplies (Ashworth and Hopkins, 1995).PumpingJrom the aquifer 
over the past twenty years has ranged from about 5,000 to about 7,500 acre-ftper yr 
(Table ]~2). The Ellenburger-San Saba aquifer is discussed in more detail by Smith 
(2004;Chapter9 of this volume). 

Hickory aquifer 

This Hickory aquifer is located in Blanco, Brown, Burnet, Coleman, Concho,Gillespie, 
Hays, Kendall,Kerr,Kimble, Lampasas, Llano, Mason, McCulloch, Menard, Mills, San 
Saba, Travis, and Williamson and counties (Figure 1-6). The aquifer consists primarily of 
sands and occurs in some of the oldest Cambrian sedimentary rocks in Texas (Ashworth 
and Hopkins,1995). The outcrop areas el1circ1e and overlie directly on the Precambrian 
metamorphic rocks that make up the Llano uplift. The down dip portions areas deep as 
4,500 feetbelowlandsurface.Most of the water pumped from this aquifer is used for 
irrigation, although some high capacity wells are used for municipal supplies as well 
. (Ashworth and Hopkin.s,·.1995),. Pumping from the aquifer over the pasttwentyyears has 
ranged from about 17,000 to about28,000acre:-:ftperyr (TableJ~2).TheHickory aquifer 
is discussed in more detail by Smith (2004; Chapter 9 of this volume). 

Lipan aquifer 

TheLipanaquiferisJocatedin Coke, Concho, Runnels, and Tom Green. counties (Figure 
1-6).Jtconsists.of125 feet.of alluvial sediments of the Quatemary Leona Formation· 
(Ashworth and Hopkins, 1995). The groundwater from theLipan usually does not meet 
drinkingwater standardsbutis·.suitable for irrigation. Pumping fromthe.aguiferover the 
past .twertty yearshasrangedfrom about 1O,OOOto about 76,OOOacre-ftperyr (Table 1-
2). The Lipan aquifer is discussed in more detail by Beach and Burton (2004; Chapter 8 
of this volume). . . . 

Marble Falls aquifer 

The MarbleFaIls aquifer is 10catedinBlanco, Burnet, Kimble, Lampasas, Llano, Mason, 
McCulloch, Menard,and San Saba counties (Figure 1.,.6). The aquifer consists of 
PennsyJvanian.,.age limestones and occurs as a series of discontinuous tmtcrops that 
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surround the Llano Uplift area (Ashworth and Hopkins, 1995). Water occurs in fractures 
and solution cavities in the formation. Pumping from the aquifer over the past twenty 
years has ranged from about 700 to about 1,800 acre-ft per yr (Table 1~2). The Marble 
Falls aquifer is discuss in detail bySmith (2004; Chapter 8 of this volume). 

Ogallala aquifer 

The Ogallala aquifer is located in Andrews, Ector, Glasscock, Howard, Martin, and 
Midland counties in the Edwards Plateau area (Figure 1-6). The Ogallala aquifer is 
composed primarily of sand, gravel, clay, and silt and generally has a saturated thickness 
of less than 100 ft· in the Edwards Plateau area. The quality of water tends to be mixed in 
this part ofthe aquifer. The Ogallala aquifer partially overlies the Edwards-Trinity 
(plateau) aquifer in the Edwards Plateau area. Pumping from the aquiferinthecounties 
in the study area over the past twenty years has ranged from about 36,000 to about 93,000 
acre-ft per year (Table 1-2). The Ogallala aquifer and its interaction with the Edwards
Trinity (plateau) aquifer is discussed in more detail byBlandford and Blazer (2004) 
(Chapter 18 of this volume). 

Rustler aquifer 

The Rustler aquifer is located in Brewster, Culberson, Jeff Davis, Loving, Pecos, Reeves, 
and Ward counties (Figure 1-6). Groundwater occurs in the partially dissolved dolomite, 
limestone, and gypsum beds of the Rustler Formation. The water is of poor quality and is 
used primarily for irrigation, livestock, and for water..:flooding operations inoil..:producing 
areas. PUl11ping:fi'pm the aquifer in the counties in the study area over the past twenty 
yearshasri111gedfromlessthan 300 to aboun,700 acre-ftperyear(Table 1-2). The 
Rustl~raqriiferis discussed in more detail by BoghiciandvanBroekhoven(2001) in 
"AquifersofWestTexas" (Mace and others, 2001). 

Otberaquifers 

There are areas along the fringes of the Edward Plateau that do not have a TWDB 
recognizecimajor or minor aquifer beneath them (see white areas in Figure 1-6). This 
does not mean that there are no groundwater resources in these areas. These areas may 
have sIilalI;localaquifers that can supply water for limited purposes. Accordingtothe 
TWDBil}formation,about700toasmuch as 11,000 acre~ft per year has been pumped 
frompther;aguifess inthe area (Table 1-2). Further study and evaluation will increase our 
knowledge of water resourcesirithese areas. 

GrollndlYater Conservation Districts 

Groundwater in Texas is governed by the rule of capture. Rule of capture allows a 
landowner to produce asmuch groundwater as the landowner chooses, absentmalice or 
willful waste,with9u~Jiability to neighbors who may· claim that pumping hasdepJeted 
theirwel1s. TheLegislature enabled the regulation of groundwater through the creation of 
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groundwater conservation districts the first of which, the High Plains Groundwater 
Conservation District No.1, was created in 1949. Groundwater conservation districts are 
recognized by tbe Legislature as the state'sprefened method of managing groundwater 
resources. Depending on the rules and regulations of eacb district, absolute rule of 
capture does not necessarily apply within the boundary of a groundwater conservation 
district. 

The EdwardsPlateau area is hometoJ5 confirmed groundwaterconservation districts 
(Figure J -7): 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
1l. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22, 
23 . 
24. 
25. 
26. 
27. 
28; 
29. 
30. 

·31. 
32. 
33. 
34. 
35. 

Bandera County River Authority/Ground Water District 
Barton SpringslEdwards Aquifer Conservation District 
B1anco-Pedernales Groundwater Conservation District 
Brewster County Groundwater Conservation District 
Coke County Underground Water Conservation District 
Cow Creek Groundwater Conservation District 
Culberson County Groundwater Conservation District 
Edwards Aquifer Authority . 
EI11eraldUnderground Water Coriservation District 
Fox Crossing Water District 
Glasscock Groundwater Conservation District 
Hays Tririity Groundwater Conservation District 
Headwaters Groundwater Conservation District 
Hickory Underground Water Conservation District No.1 
Hil1Country Groundwater Conservation District 
Irion County Water Conservation District 
Jeff Davis . County Ul1derground. Water Conservation District 
Kimble County Groundwater ConservationDistrict 
Kil1l1eyCounty Groundwater Conservation District 
Lipan KickapooGroundwater Conservation District 
LoneWolfGround-water Conservation Distdct 

·]v1~dira .. Gounty Gr()llr~~ater· ConserVati oDl)i strict 
.MenardCoul1tyUndergrc)Und. Water Conservation District 
. Middle:Pecos·Groundwater Conservation District 
PeimianBasin IJnderground Water Conservation District 
PlateauUndergr()undWaterConservationand··Supply District 
Presidio County Underground y.r aterCopservation District 
Real. and Edwa~dsCon~erv'ation andXeclamation District 
Santa Rita UnderfP"ound Water Conservation District 
Saratosa Underground Water ConservationDistrict 
Sterling County Underground Water Conservation District 
Sutton County Underground Water Conservation District 
Trinity Glen Rose Groundwater Conservation District. 
Uvalde Underground WaterCo~servationDistrict 
Wes,..Jex Groundwater Conservation District 
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C and R -= conservation 
and reclamation 

CD -= conservation district 
GCD = groundwater.conservation 

district 
RPJGWD = river authority/ground 

waier distnr;l 
UWC = underground water 

conservation 
UWCD = underground water 

conservation district 
WeD = water conservation district 
WD = water district 

N 

/ 1 / 

Edwards Aquifer 
Authority 

o 50 miles 
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Figure 1-7: Location of confirmed groundwater conservation districts in the 
Edwards Plateau area. 

Regional Water Planning 

twdb2003-025· 

ThrougbSenate Bill 1 , the 1 997Legislature enacted comprehensive water management 
to plan Tor drought and meetincreasing demands as population grows (Hubert, 1999). 
Senate BiILl is a "bottom up" waterplanning process thatallbws individualsTepresenting 
differentinterest groups to serve as members of Regional Water Planning Groups. The 
interestgroups include the public, counties,municipalities, industries, agriculture, 
environmental, small business, steall1~electric generatiI?gutilities, riverallthorities, water 
districts, water utiIities,and othc:rsselectedby the Planning Groups. A t()taJ ofJ6 
Regi()pal Planning Areasc()ver t~e State. The Planning Groups are charged with 
preparingregional water plans for their respective planning areas. These r>Ians wlll show, 
for each planning area, howto conserve water, meet future water needs, and respond to 
future droughts. . 

Each Planning Group submitted their first regional water plans in January of 200 L The 
TWDB integrated their individual plans· into acoil1prehensive.Sta,teWater Plan which 
was released on January 5, .2002. The TyvDB will only provide financial assistance to 
those projects that are consistent with the regional water plans, and the Texas 
Commission on Environmental Quality will only issue water right permits for 
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Figure 1-8: Location ofregio.nal water planning areas in the Edwards Plateau area. 

municipal purpo.ses consistent with the plan. These water plans are updated every five 
years. 

The Edwards Plateau area includes all o.fRegion F and parts of the Brazo.s G, Far West 
Texas,Lo.wer Co.lorado., Plateau; andSo.uth CentralTexasregio.ns(Figure 1-8).All of the 
regio.ns exc~pttheFarWest Texasregio.nhave cities with needs by 2050. The Plateau 
region sho.wed that projected water supplies exceeds projected demands, although there 
are specific water user gro.ups with needs. They also. noted thattheyneedmore 
gro.undwater info.rmation and that endangered and threatened species could limit future 
water development o.ptio.ns. RegionF sho.wed that projected water supplies do. nat meet 
projected water demands. Over theregio.ns, the Brazo.s G, Lo.wer Colorado.,and South 
Central Texasregio.ns sho.wed that projected water supplies do. not meet pro.jected water 
demands .. 

The regional water planning groups recommended a number of strategies to. meet future 
needs far water, including: '. . 

"neW groundwater, 
• expanded use o.f existinggro.undwater, . 
• new surface water, 
• expanded. use of surface water, 
• conservation, and 
• water reuse. 
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The water plans for these regions can be found on the T\VDB Web page 
(wwvi.twdb.state.tx.us). A statewide summary oftlle regional water plans is available in 
the 2002 State Water Plan (TWDB, 2002). 

Gronnd,,'aterAvailability J\1odeling 

Texas is developing new, state-of-the-art computer models of groundwater resources. In 
1999, the Legislature provided initial funding for development of groundwater 
availability models (GAMs) for the major aquifers and in Senate Bill 2, enacted by the 
77th Texas Legislature (2001), directed the TWDB to develop groundwater availability 
models for the minor aquifers. 

There are several completed and ongoing modeling projects in the Edward Plateau area. 
A GAM for the Hill Country part of the Trinity aquifer that includes part of the Edwards-

. Trinity (plateau) aquifer was completed in 2000 (Mace and others, 2000). A GAM for the 
southern part oUhe Ogallala aquifer was completed in early 2003 (Blandford and others, 
2003). GAMs for the Cenozoic Pecos Alluvium, Edwards (Balcones Fault Zone), 
Edwards-Trinity (Plateau),Lipan,and northern part of the Trinity aquifers are expected 
to be completed in 2004. TWDB plansto develop GAMs for the Capitan Reef, Dockum, 
Ellenburger-San Saba, Hickory,Marble Fa11s, and Rustler aquifers, but development of 
these GAMs has not yet been scheduled. 

Planning Groups and groundwater conservation districts will use the models to assess 
availability of groundwater in the areas or regions. These assessments will be based on 
thesocio-economic needs of their areas and maybe guided by groundwater management 
standards that descriqe the desired future conditionofthe aquifer,such as the quantity 
and.qualitydfgroundwaterand the amount of spring flow,'. baseflow ,andsu bsi denc.e 
(Mace and others, 2001,2002). 

Final WP?rts,models, and . aquifer. infonnation will be' postedon.the TWDB . GAM Web 
page. (WVlrW.twdb,state:tx.us/ gam). 

Summary 

The Edwards Plateau of Texas is blessed with many aquifers but faces 'many challenges 
to meet current and future. waterneeds .. The Edwards Plateau is ,dry and is susceptibl~ to 
drought. J3~e~useof limited surface-water Tesourc~s, .groundwilter is oftent~~ onl~choice 
of watersupp ly.13ecauseofits size· and (jM'llershipofthe rocks t~~tfom1q1eplateau, the 
centerpiece of the Edwards Plateau is the Edwards-Trinity (Plateau) aquifer; However, 
borderirtgaquifersare no less importanttothose that rely on themJor water. Il1:.addition, 
the Edwards-Trinity (Plateau) aquifer is in hydraulic connection withmanyofits 
bordering aquifers. ' , 

Groundwater conservation districts, regional water planning groups,and groundwater 
availability 1I1Odelsarehelping to further the understanding of the aquifers Emdthe 
options for meeting future water needs, However, additional study is needed, particularly 
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on the less studied minor aquifers in the area and on the less studied areas of the major 
aquifers. 
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Chapter 2 

Conce,ptnal Model for the Edwards-Trinity 
(Plateau)·· Aquifer ,System" Texas 

Roberto Anaya1 

Introd ll(;ti on 

The passage of Senate Bill ] in 1997 established ·arenewed public interest in the State' s 
waterresources not experienced since the drought of the 1950s. SenateBil1 1 of 1999 and 
Senate 'Bi1l2 .of2001 provided state funding toinitiate the development ofgroun,dwater . 
availabilityrnooels for all of the major and minor aquifers of Texas. The development "" 
and management of Qroundwater.Availability Modell?CGAMs) ha~.:beentasked tothe 
Texas 'WaterD~veloprnent Bo?-rd (T\NDB) to provide reliable.aridtimdy imonnatioJ) :on 
. the . State '·s .gro,iIndwater resources.: T\VUBstafflscurrently d~veiopirrg.-a GAMJox;tbe . 
Edwards';Tfiriity,.(Plateau) aquifeLAnessel!tialtask inthe pesi~ofapumer:icfd •. '. . . 
.groundwaterflQwmoderil?the.development-.6fa conceptual :rnodeLTheconceptu@.]·· .' .. 

. modeLisageperalized 4escriptionoftheaquifer system that.defmes'boundaries, '. . 
..h.ydrggeolC)gi,c::pa~fI;me~el's,.a.nOhydroiogicstress ;variables. The conceptu~l ni§4elhelps ." 

. ·.tocompi1ealla;orga,nizeIield:data.ari(itQ~si~pl#Y~he·re~l~wo1:1d~g~i:refflo:w~ysteminto 
.a .graphical:ordi~gr~mmlitica] .representation.~hile.retainingthecomplexity .neededto . 
:adequatelY:fePt0eluce the ~ystem bf'ha;vio);{A:nciersQPanq W'<>~$§ne!, .1~Qf)·c. '.' 

·Thefirststep-ii#B~<leve19Pri1ent.ofa;c6uceptualmQdcil-is_to,d~lin~~teth~stqqya~eaan_d"'" 
"fonnatiund~r~tandiI1~:of;its:phy~icallanascapewith'r~gard,t6;the;physicigrappy"cli111ate~ .. 
imdgeblQgy.: .• A.noth~r'ear~y step;~l~o .in~~lv_e~the:iesearc!tlll19· inv~~tigation:()fprrY!oUS 
aquifer·~1!ldies .. }nt~nnydiatesteps 'brll}Kc1ogetlH~ral1"of-i;h.~ irifo~a:ti on for ~s~ablisl?j!1g·. 
the ~YQl'qgeciI()gic's~ttingwhiqh;9c)nsists:of:the_hydrm;tratigraphy,:strugtural.geqme'VY, .' 
~ydrarilicpropertie$,: wat~r Je¥cil$ari~:iegional.grol1ndwater :flow ,-rechafge,mte~actIoris ' 
'he£Ween;surfac~w~t~r;and.grounawater,welLdisopa17ge,and.watel';5111a,lj&;Ass.~p1pnng 
theinfcirmation·~tQorganized:clescriJrtive text, Inaps,iaoles,an4 diagniiUscon61udes the 
develoiine~t9f;t~e:ccmcypiuat1tioqeL Thepurpose~ (}f:t}1ischapt~js:t6,:do~ttfueritthe 
cteveiopineni{)ftI1e conceptual model iorihe Edwards-..:Tiinity(phiteim) aquifer system iIi 
centrai:'weSt~:rexas. ....,' . . " ..... ' . ,.' 

.. ' .. ~' .. 
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Geographic Setting 

The Edwards-Trinity (Plateau) aquifer extends over an area ofabout35,OOO square miles 
beneath alL6rparts of38 counties (Ashworth and Hopkins, 1995) in central-west Texas 
(Figure2-1} Most of the counties have relatively sparse populations concentrated in 
smalltowns;usual1ythecoimtyseats (Figure2-2)~The study area extends to the 
northwest toinclllde the Cenozoic Pecos Alluvium aquifer and to the southeast to include 
the Trinity aquifer because of their hydraulic connection to the Edwards...:.Trinity (plateau) 
aquifer(Figure.2 .. 1). TheEdwards~Trinity (Plateau) aquifer is also hydraulically 
connected to seveniJ otherma.jorand minoraquifers of the state, which is discussed later 
in this chapter. The study area falls within five Regional Water Planning Areas (Far West 
Texas, Lower Colorado, Plateau, Region F, and South CentraITexas),althoughthe 
aquifer is located mostly within Region F and the Plateau region (Figure2-3). In addition 
to two Priority Groundwater Management Areas, there are about 29 groundwater 
conservation districts in the study area (Figure 2-J). 

Pby~iography 
. . 

Physiographydescdbes the natural featuresofthe iandscape in the contextoftopography, 
landforms, surface .drainage~. soils,andnatura.l vegetation, . all of which reflect upon' th~ 
geologic and climatic 'history. of the region .. In the' United States, natural regions have . 
been-hierarchically delineated. into physiographic divisions, provinces,and sections 
(Fel1I!eman,'1931 ; Thornberry, 1965). Under this classification, the Edwards Plateau 
Section occupies the southern margin ofthe Great Plainsproyince, whichjslocated 
wi~m:!h_e;westernjJ<?#l()!l;q~,th~1nterio!PlainsJ?tvision. T~~:Bureau. of;~~onomic .. 

. GeoT0,gy:(BEO) atThellnivetsity of Texas at Austin has delineated the Edwards Plateau . 
int9<QneofseVen ·pl}xsiqwaphjc;P'£2vinc~"~,~itbin;.tl1e. stateo[Texas (~ermun;(l,) ~96). 
Th~:BJ3GfuEther:sii1?gi}d~e's •. the;'Eaw~rg§,:Platea~Proyince"ip~Q"theJ)rincipal13R~flr4? 
Plateall,th~J>~_cO~CanY91l~,ana the:StocktonPlateau sub-provinces (figure 2-4). The 
LBJSchoorafJ>Uqlia;~~1tS:del1D.eafed.elevehnatU:al ,fegi!i>Ils"N.iithinitne.§tafe for. .' 
. st~tewiHe:fu1a16r:t~gfQi(a:f:M~1ysiS'!{L'BJ';Sch901"6fPub1ic:Aifairst4j?o/i8\J;~MahY ·ofthe· 
elev~nregicmsaJso :~onsist of two or more sub:'regiorls.'TIle EdvJaids"Plate~mRegion 
inclui:Iestbe:Ljve{)ak-Mesquite~avanna, Balc(jnes·.Callyonl~ilds,andLampasas Cut 
:£>hlffli~T~gIo,ns;;TheJ9"5 7 revis:ioJfofErwiu:r{aisz'f! '~Canafdrms of the Urii~edStates" 
remairisa;~11i~fgic':hand~r?~;mapofnafutal feaitJiesaepicitrigJ~mdfQnns.ai1a '.' 
£h~i~i.6m-aphip:re.giol!~'R!tithe\Qo4ptry w~th :r~J?~rkab)~aetail-~i~ ""!~57). The landscape 
iin~g~oJ}, :Fj~~::z~'~g~~tifiesrlahind ]a~afOnnsana1J1iysicfgr~" •.•. gions.ofthe· 
Eawa~4s:Wl~t~~;:~ricr~~j~b~ht ia~tlscapecoflipfIed fi(MHheVanoucla~sifjQ;~tlons. 

':",- ',,~:,>~.":';:.:<,.',<',\:: ,"> . <. .... •• •• ", • ~':'::' 

The EdWar4€:F:lateati}$}a.~tl11ed .here fronltheperspec!ive oftheJateralJy~:"conti~uous . 
set11inents·o/tneEdwarat:Tfini1:)r(pJateaUfaquifersystem. The:Balcones FatiItZorIe, a 
system ofst~ir~stl'!pped faults essential to.th~de",elopiIi~l1fot theB'dwards Plateau,has 
'di~E1~ced:,iH\·t ...••• ·r.sed4nentsandj1lA~posed:Them:ag~iAst'y6uAg~~;~q.J!essresistallt 
sediinetitso,. .-Gulf CoastalI>lains~ Tne,-resultingfaultdisplaceinentshavefonned the 

.. Ba]cortes Escarpment,. afeatureso prominent, tbat theeffectsonJbe landscapealongtbe 
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southern and southeastern margins of the plateau are visible from space (Figure 2-5). A 
pronounced xemovalof Edwards Group or upper layer of aquifer sediments by the 
headward erosion of major streams transecting the Balcones Escarpment formed the 
Balcones Canyonlands, more tradjtionallyknown as the Hill Country. The plateau and 
the aquifer sediments then tenninate to the east along a margin of exposed Paleozoic and 
Pre-Cambrian rocks in the Central MineraJRegion, often Teferred to as the Llano Uplift. 
Alluvial deposits fonn the Lipan Flats where the Concho River has cut and filled its way 
onto the northern plateau. Beyond the Lipan Flats and the northern margin of the ' 
Edwards Plateau are the Osage Plains, more commonly called the Rolling Plains, which 
extend west to theCaprockEscarpment of the High Plains. A thin'drape of remnant 
Quaternary sand sedimems,witb playa Jakes characteristic of the Llano Estacado (Staked 
Plains)region of the High Plains, extend down to cover a small area of the northeastern 
Edwards Plateau. These remnant sand sediments and the underlying Edwards-Trinity 
aquifer sediments terminate to the southwest along the southeast trending Mescalero 
Escarpment. The eastern flanks of the Rustler Hills (east of the Delaware Mountains), 
and theApache, Davis, Glass, and Santiago mountains of the Trans-Pecos Basin and 
Range formthe western boundary of the Edwards Plateau. Thick alluvial deposits fiIl the 
Pecos Valley between the western plateau boundary and the Mescalero Escarpment. A 
local drainage area between the Davis Mountains and the Pecos River is often referred to. 
as the Toyah Basin. The Edwards-Trinity (Plateau) aquifer sediments e),.':end beneath the 
Stock1.on Plateau located east of the Glass and'Santiago mountains and west of the Pecos 

. River Canyon and continue south into the western Big Bend region and across the Rio 
Grancle"into the northern area of-the Mexican Chihmihua Desert. 

Topography and Lan£lform 

TbeJandformofthe Edwards Plateau mElY be described as a flat tableland gently sloping 
from.thenorthwestat aboutJ,OOOfeetabove sea level to the southeast at about2,000 feet 
aboves~a leveJ(Figure2~6).Thet::dwardsPlateauis also one of the largestconti'guous 
karstregionsm the United States (Kastning,1984). The karst morphology exhibits poorly 
inte~ateds6h~t.ion features with a sponge",like pattern on the plateau proper, whereas the 
sout~ern plateaurnargin haswell Clefmedcorridors of connected· conduits aligned with 
faultsand fractures of the Balcones'Fault Zone (Kastning, 1984). The plateau is capped 
with.tfiick EdwatdsGroupJiinestone sediments that protect underlying Jess resistant 
TrinityandPafeozoicsedimehts from erosion. The Edwards Plateau has been .in.a 
prevailing state of erosion .since the formation of the Balcones Escarpment. As the 
protective limestone cap is breached along the plateau'smargins,strearns easily carve 
deep canyons into the softeru11derlying sediments along the northern; eastern, and 
southern edges of the plateau. Topographic relief for the entire study area ranges from 
about 5,000 feet in the mountains of the Trans-Pecos to about 500 feet aJongthyLake 
Austin reach of the CoJoradoRiver'where it flows acroSS the Ba1cones Escarpment. The 
greatest localsurfacerefiefoccurs mthe mountainous Trans-Pecos region and the 
western HiIlCduntry; 
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Surface Drainage 

Permanent surface water is sparse to non..,existent on the Edwards Plateau and occurs 
only along the spring-fed tributaries thatdissect the northem, eastern, and southern 
plateau margins. Streams draining the plateau have avery dendritic or branch-like pattern 
characteristic.of drainage patterns fod1at-lying geologic strata (Figure 2-7). Stream 
density (stream channel length per unit area) on the plateau is mostly influenced by local 
and regional surface-water gradients. Stream density increases with increasing surface 
water gradients.andapproaches zero as the topography becomes flat where playa lakes 
may be the dominant surface-drainage features. However, there is also a distinct increase 
in stream density towards theeastthat may be attributed to both the spatial distribution of 
eastward-increasing meanannuaJprecipitation and the southeastward regional outflow of 
groundwater. draining from. springs of theEdwards-Trinity (Plateau) aquifer. Tributary 
streams of the ColoradoRiver such as the Concho, San Saba,Llano, and Pedernales 
rivers drain the northeastern portion of the Edwards Plateau into the Lipan Flats andthe 
Llano Uplift. The Blanco, Guadalupe, Medina, Sabinal, Frio, and Nueces rivers drain the' 
southeastern and southern portion of the plateau through the Hill Country and across the 
Balcones Escarpment. The Pecos River and Devils River, both major tributaries to the 
Rio Grande, drain the entire southwestemhalI ofthe.study area. Although there are some 
small surface-water b~dies(1ess thanonesquarerriileYin the central region of the,plateau,. 
the onlynoteworthywaterbodiesontheplateau are Big Lake (moreoftenadry lakebed) 
in Reagan County, Orient ReserVoir in PecosCounty,and Balmprhe~:1ak~ ill Reeves 
County.Othermuch larger water bodies along the edge of the Edwards Plateau include 
Amistad Reservoir in Val VerdeCounty,TwinButtes~ndSan Angelo Reservoirs in Tom 
GreenCoun!y, andE. V. Spence R~servoir in Coke . County· 

SoH.Development 

Th~':predqJ11inantsoi1s for most oftl1eEd'Y~rdsBJ~teau arecl~s~ifi~eas Ust() lIs, a sub
or~~r9f Iv1.()!Hsols thatdraineasilyand.deY~loPN.l1dergrass orsav~nna;:typevegetation in 
stibhumid to semiarid clirnate~(LJSDA.,l~~~),lnthenorlhwe§tern-mostportion of the 

. p13teau, remnant soilsthjckerijntO.~9resandy, loamy soils charac;teristic of the Staked 
Plains.' These s?iIsElreclassifie.dllsAridisolsalld;are basFdon theliI11j~.ed availability of 
spilmoisture. tosustainplantgrowtBi(PSDA, '19?9). Th~Aridiso Is also extend westward 
acro~s iheJ>ycos Valley. into the Tr~r~~P~cos Basin. andRange,c0verthe southern portion 
ofthe StocktonPJateau,andconti~uesouth~l1totheB~gBena region. In the easternmost 
eortion ofthepJateau where the~d'Y<1~ds C3ro~p§~dirn~Il!s ha~~ .. beenremoved, the soils 
have mi~iI11~I~oi1qorizon.geve]opmentand fo:gn' on~feep}~~ope$ofyounggeomorphic 
surfacesina<humidt?Bubhumid.Elimat~ (US:!PA, .. ·199B;UI1ixersityofldaho,undated). 
These sClilsgfthe eastem,Hill e()l-wtryllJ:e .. cla~sifiedas In~·.Fetisols.f\noth~Ts()norder 
found on the.:,plateau .ll.?ludes the\7ertiso!s;~hicharFcJay+rjch andhaveqigh~Iyinkand 
swell.pqtentj~1(USDA,.1999;UmversitY·ofTdaho,·un(jated) •• These Vertisols are,.]ocated 
in a sman~Fnt:'al portion· of the pJllteaualong the n0rtBWes1t?Boutheasttrendingflat 
topographic:9.ivide of theColorag?R,jver and Rio Gralldeand inanothersmall area of 
southemReeves and western Pecos counties (Figure 2-8). Pleistocene paleo-soils that 
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Figure 2-7: Draihage densityaild dendriticpattenl of ~.tlrraGe water drainage oli the Edwards Plateau. 
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formed about 0,73 to 2.0 million years before present and often called "terra rossas" may 
be found scattered throughouttheplateau,usual lywithin caves and sinJdlo1es where they 
have been protectedJrom erosion (Young, 1986). Following the lastglacialmaximum of 
the Late Pleistocene, the rate of soil erosion on the plateau is thought to have increased 
due to an increase in aridity and increased variability of seasonal precipitation (Cooke 
and others, 2003). However, this climate-driven event produced a rate· of soil erosion an 
order of magJ,litude less than the more recent human induced erosi on of soil from the 
plateau (Cooke and others, 2003). Heavy grazing and the suppression of natural grass 
fires during the past 150 years of European settlement have augmented the erosional state 
of the plateau and allowed thesoilsto develop thin and stony characteristics (Mecke, 
1996). Thethin characteristic nature of soils of the Edwards Plateauis shown in Figure 2-
9. 

Natural Vegetation 

Early Spanish explorers described the vegetation on mostofthe Edwards Plateau as 
being dominated by a diversity of mid to tall grasses with short grasses covering the more 
arid westemregionsCMecke, 1996). The grasslands have since been. transfolTIledby 
unsustainable landuse into a stunted scrubby savanna of oak,junipeJ;, andg;rass in the 
north and eastand desert shrubandwoody mesquite bruspm the southwest. The. 
combined landuseeffects of overgrazing and inhibiting the natural rejuvenation of 
grasses by fire. allows invasivewooclyspeeiessuchasmesguiteorashejul1ip~rJ often 
referred to as cedar, to change the landscape, The lossof grasslands reduce the> amount of 
effective rainfali available forgroundwaterrecharge and increase soiIerosion while the 
waoelY vegytationconsum~more of the effective rainfal1 drying uP. natural. springs. Salt 
cedar has invaded.some streamva1Jeyscontfibutin~:tosignificaritamountsof. .. 
evapotranspiration, Onthe steeper canyon slopes, oak forests and oak-juniper woodlands 
arecomm on.Somerecent r~ng;emanage111entand brush ~onttolprojects· such.asthe 
BambergerRanch in~lancoCountyhav(;sh()wn that restoring the native grasslands is 
not ?nlypossib]e,butalsoh~neficialinre~overingsprings dehydrated by the loss of 

. grass]andsto invasiveal1d thirstywoodyvegetation. Additional discussipnofbrush 
management on the plateau is provided ina later chapter. 

Lariduse 

Railching of cattle, . sheep, and goats al (mgwithwiJ dgamehunting leases are theprimary 
forms of Japduse exceptIor thenorthernportiQn ()£'theplateau wh~re. ird gated croplands 
of.cotton and grain .sorghum. are the more domil1ant Jandvse.Oil andgasproduction from 
deep underlying Permian Basin sediments isa]so common inthe northern and western 
poriions of the plateau. Hay, pasture,.and . small grains are grown in someofthevaJ]eys 
. along the .southem and eastern.margipB of the plateau vvheresurface watera.nd rainfall is 
more readilyavaihible.Overa sufficient period oftinie, Il1ankind is capable of changing 

. thenatura]vegetation, soils, hydrologic characteristic:s,andconseqljel}tly.thenatural. 
physiographic features of alarge region such as the Edwards Plateau thr() ugh landuse 
alone. 
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Climatic History 

The climat~ofthe Edwards Plateau was twice as wet during the Pleistocene as it is today 
.accordingto studies ofthe "terrarossas" found in central Texas (Young, 1986). At some 
point after the last major ice age, the climate became more arid and variable (Cooke and 
others, 2.0.03). The more recent climate of the Edwards Plateau ranges from subhumid in 
theeastem to semiarid in the westernplateau (Walker, 1979). The long~termmean annual 
precipitation for the study area ranges from about 34 inches in the east to about 12 inches 
inthe west (Figure 2~ 10, for years 1895 through 2.000). On the eastern two thirds of the 
Edwards.PJateau, precipitation occurs mostly during late spring and early fall as cool 
northeI11 frontaLairmasses collide with warm moist Gulf airmasses fromthe~outh. On 
the western thirdofthepl~tea\l,most ofthe precipitation occurs duringJul);, August,and 
Septeinbef:.~i~ure2:':l1showstQe sigTlificanceof orographic precipitat!9n ah}p.g the 
BalcollesEsc;al-pment: thafiseyi4entb,y·the: vvestward distorticin.of;th~ thil1Y-:y·ear mean 
annualrainfa]rcontOlirsfor.J9~1 to~990 (Calf, 1967). ..... ", . t,' 

• . .• ~. . : '.' ~ . ,A' <, '" " . ~ _" • 

Iropic~ldisturbanc~s occasionaliyfind tHeir way onto the plate;~ fro~. tllewarrrf]ate 
summer waters of the Gulf of Mexico and contribute to variabiIityin annualprecipHation 
totals. The variability of rainfall gerierally increasesctowards the arid west@omar, 1983);L" 

. andJhe variatiopoftotalmonthlyprecipitati()n isgteatestforthe month of September" '., "" 
througbc}llttheplateau. Other:vatlations:in the mean annual precipitation ofthe plateau 
mayaIso.be attributed toihe cyClic~ihteracticm between;thePa~ificOcean 'and the 
atrno~phere,~d\Yiiasthe El,Nino~Sdutherl10s-cillation; ~t;eci:pitation usually increases 
dUril!g;fb~:Er)1ifi6phaseand decreases during the La Nina phase with the greatest . 

. ' yarlafic111f'~:~jmrtVbcCUttirig':dririrrg~the'fallanc1 "winteJ;;period~'Slade, 2Q.o1) ... ". " .. ," 
Moreover,thestatisticaJdataanaJ)'sis ofstreani-f1ow and precipitation records suggesta . 
. :~1igh! apparenfincreasingtrendin the .general·variability of precipitation events overtime 
(Slaqe;2()QJ), 'Ritesofe:vaporafi:cmare ,highthroughouHhe:plateau.andrangebetween 43 
>il1chesjp·:tl1e.ea:st(,Walket~1979}to.s0 'illchesjn ,the ';west{Rees and'Buckner. 1980) •.... 
Dro4ghtsj~r~\'iomm01i;oWthe}.'l~dw?rq~.~1~teau,with~about.:l;6'tn()derateto .. ~~vetedrQughts·· 
,dtlriI)g1h~.]asf:100we-ats.'·.'Dle4rpugJit;ofrecord'~occurred'durU1g:~the ·.I!150~;.i~c>nsistent ., 

,~~~~~~~i::~,~b~~J1:~,a~ .i,.~~u~ea~·mo~ demlllliid.t~ 
G,eolo.glcI:f.i§~QU":i,:,c~.:\t_, 

.... :.~' ' . .':.<: ',,",;' ,. . .. 
":" -, : .. :.::.<:.... . - ,.,' ,'".,.,.,: . ,··.',t>,' -", ':--:';- ' .. ~~ .. ",_. '";''.!''' .'>-•• , .... ". <." , < .... j. ' .. ,' ". ,,' 

TheEdwards .. : .. Tririity.(Plateau)agtiifeJ:is compcisei:]tlf£arlyCreiaceorisiagesediirients of 
theTiiAity .. ;Frederje~spurg, and Lower Washita groups (Fjgure 2-12). The TrmitY Group 
.sedim~iitsJorrn;the underJ:viTlg:Trinity portion ofthe aguiferwhilethe;Fredericksburg and 
Low~:r-W a~m~~JT~OUP sediinentsform·. the overlying Edwards'porlion: of tHe' aqiiifeCThe" . 
Edwards:....TrmitYaquifer:s6dim~l1ts rest llllcorifonnable on top of-an' uneven erosional 
surface ofPre':Creta-c~oHsag,? sediments, mostly foldedand,raulted Paleof.Qicage 
sediments. The following :suosectfons a ·briefhistorical :accountpfthe evolutionary 

. development of the 'Edwards-'fririhy{plateau) :aquifersystemiEPigures 2~13 .and 2-14). . .... .' .. . . ., " /" 
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Figure 2-10: Long-tennmean annual precipitationfor 1895to2000. 
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Figure"2-13: 

NGTSGALE 

Structural Elements Affecting 
Depositional. Environments 

Oftl'leEdwards~ Trinj~ Sediments 

-- ...... 

/ 

Structural elements affecting the depositional environments of the 
Edwards-Trinity sediments (from Barker and. Ardis, 1996). 
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Paleozoic 

The Pa:leozoic Era ended with atectonic event known as the Quachita orogeny. This 
orogenic event resulted iilthe formation ofa structural fold, beltof sediD1~ntsdeposited 
duringtheOrdmiician, Silurian, Devonian, and Mississippian periods, The sedimentS ' 
were uplifted, falllte~; and folded into a late Paleozoic mountain range,tbatextel1dedfrom , 
northern Mexico along the present day .Balcones Escarpment up into the Quachita 
Mountains of Oklahoma and Arkansas (Barker and Ardis, 199Q). BefQre.a;final Jlplift 
during the Paleozoic Era, 'an arid and restricted shallow marine s~a .deposited;lJPper ," 
Permian sediments ,and evaporites into the Pennian Basin of West Texas. 

Triassic , 

During the Triassic Period; terrigenpu§ clastic red beds were cieposited over the Paleozoic 
rocks·as.the,DockumGroupsediments. The area oft~e Edwards Plateau was then 
exposed to erosionduTingthe)urassic,PeriodtofonnaroIl'ingpeneplain1rnown,as the 
WichitaPaleophl.in (Barlcer and ,Ardi§/ 1 ~96),Bythe eng oftheJurassic Perlod, ,t1ie Gulf 
ofMexicohad:begun itO 'open andtilting'ofthe peneplain towards the southeast provided ' 
asiructuraLbase'for the,~epositiQn oftheCretaceo.usa,geE~wards-Trini1Ysediments. 

, Cretace()u~ ,. 
As the GulfdflVIexic:owriiinued:to open an~ltheCretacedus seas advanced from the' 
sDutheast,abroa.d.continentalshelf.known .aSthe Comanche, Shelfbegan; to fonTI.The 
Llano Uplift~va t~ct2piq!UX.~~tive StJuc~raI ;featuf:e :since ~e p;~e-Cambrian, became a 
prominent stnictunil shelf:element Tor:the.dtW0sitiori' olffie~TfiriitY Group sediments ,',' 
(Barker, apdArdis, ;1996): The Early Cretaceous seasadvanced,ficross th~Pre-Cretaceous 
stl"liCtur,alljasejii, thi:e~v8ycl~sv~r:1:I:arr~gr~ssive~r~gresEive 'stage;; 1odepOf?iftpe ,.T:r,inity, , 
C1r0tip,~edhll~l}t~·fBarker,~andk~th~#,1994).'The.stuarttiriLReef:rienpl)egatitofonn, , 

.paranet1o·tll~"~11i;e·stfEtl'~G:li~:f~oT:MexicO,ab:out15.o,m:iles:inlandXi9ri1.t11~ipt:~s.~ntGulf~z; .• 
/';Cb~st'ena1?litf~"t~~ic~rpOriate"latf6rlrfaeposits:of,the£dwards~Group(~~pilit~Pts,itq", ' 
accumulate:toffjen'oithw~st;oeliind;the:pt6te6tion,ofthereeI,Other.:StrP'?turaI.shelf ", 
elements:tb~t~o,nnecl J)~l1indtheStuaJ.1Ci1:y 'R~ef Ttctnd~l1,dcontrolled~~edeposifional 

, enviroillnel1ts.~p4lithdl()gic:characteds.tlcs ofthe Edwards· Group .fonnationsincludethe 

;f~?k11~,~~~~~~~~~~t~~~~~~i~~~~~d~;;;;:~;n 
ofURper{~J:~m£e9~~PelR!9~.:1?u,~8:,:B()gurnas;ana. Austm'L1r0up'sedli11ents, nruch ;ofthe 
.Centrai',Te;£i~~fiif()T$~Was0$~E' .. a~rr~1Y:e~'6ise(l,;aHQwirig:ft)t'~ai-(initi~likarstificati6nof ' 
LowerCr~ac(r6u's?catboi1a~e;~eaiil1ents'(B'arR~r'ana'otKeiS;"199J4::); , "'''<~. ", 

',-.'.': " ". "":' .. ' ..... , .. '':;.''~'-,'"",}" ... ;"~,, ;.;-.>'·w~.< '::"v' ,'/_'< .. ~. . .. :. ".. ;. A'."" 

Cenozoic" 
, .~, .... , 0,; .. ~. ~, .... 

Towards~t1ie,end ,oftheCretaceousand ·h~ginningof·theTeitiaryPeij bds, the Laramide 
orogenic event,arid the dissqlution ofUpper:Penniarisediment.;,. resulted in the structural 
col1apse,auflerosi?n6foverilyingTriassic andCretaceolls'secHl1lentELaiong the Pecos 

", 
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RiverVall~y (BarJ(er.and others,1994).These sediments were then redeposited as the 
Cenozoic pecos Alluvium . throughoutthe Tertiary and into the Quaternary Periods . 

. DuringtlT~i11id;:Tertia,ryP~riod,Teg'i9I1alupliftand· continued de:position of sediments 
into the Griif ofl\i1exitoprovided·.~eI1sionalstressesalong the ancient Quachitafold . belt. 
Conseqlieptly, the 'developmenfoftheBalcones .Fault Zone occurred and .displaced 
'CretaceotlsandLow~r TertiarYs~di~eI1tsby900.to·l,200 feef (Barker and others, 1994). 
The: Ogallala sediments were. deposited over a portion ofthe Edwards-Trinity sediments 
from the northern region ofthep].atea.uduringth. e. late. Te. rtiary Per.iod·. T. he headward 
erosion of streams has' reduced the plateau intoitscurrel1t fonn throughout the 
Quaternary . 

Previous Investigations 

Pr.evious studies on the Edwards"::'Trinity (plateau).aquifer beganwith county-wide 
studiesl?ythe TexasBoardorWaterEngineers, the TexasWaterCornmission, the Texas 
Departm~I1tofWater Resollfces,theTexas WaterDeve]opment Board, and the U.S: 
GeolQgicaLSurve~ . The Texas De:partmen~ofWaterResourceswasthefirsttopublish 
:regionahstuQY ~rep0rts. on th~Trans-Pecos'(Reesarid Buc1mer; 1980),and ·Plateau (Walker; 
1979)porlionsof fhgEdward::TiiriitY:aquife:E D:uringtlie late 1980s,the U.S.· Geological 
Surve:Y (UStiS,)began.,a RegiotiarAquiferSyst~msAmi!ysisCRASA) :J>rogram for the 
~~d~~r)ds~'TIri~~br:,aquifer'~ystem thatresulted.inthepu1:iIicatioh·6fthemostT~qeJ?:tand 
conipr~:n~Il~iVeTeportsontlleaguifer:;y's;~p:rp19~el (Bush, 1986;Kuniansky' 1989; ," 
Runian,~!<:y~T990;Barker ;andArdi$;;199~t.~dis ana Barker, 1993 {Bush~~mdoiliers, 
1993;:I3itrker:andothers,. t994;~ush:andoth~rs 1994;Bark~rancLAJ:di5!,"1996):as well. as' 

. :a.·siIl~!~1~Y£t<ft~J~;~Ie1ll.eI!f~~~~~~~~~,e~~~w~r!.~~I;~~~n~~~te~wgi~~e,l~~~i;~nsky and: 
.Holl!gan'iJ9Q4);rrne pSO'$ has ,also 'puhhsheda groundvvater:,~tlasJorQlChihomaand 

3i.~~ ~fi~ut1e:r~;~!~;n;i:~;w~~r~i~~:r~~ . 
"~Cbn . COhipt~hens]¥e·study:todey.~]opa;syit~f;:·ffi~~al't:~o-:l~}7,er nmte:.dlfference 

un.q}Y~tetl}lgpel ofthy;E~{W:ar£is-T!'fuity;,;~qgtter'$,)i;~te~~ithafinal report; ,. 

:::~~~t;~~~~~l~~~itir.:~~~·~1f~i&0:.c 
r •. -,.:.. .• 

·~~!~~~~~~e~~~g : . ~>«n",~:illi~<S~~~il;'l>. .'. 
The hyor"' ... ogi~~settiAg,!prQVidesJqnan~und~rstm1tiing/otlfle'aqllf'f~f;'· ...... sp.Qysical 

. .p~fam~~:$~!, ... ,t, '~f!~tes';.~~~r' . :.H" ' .... iQ·s~1?lj~;"';~p~f{f&~~~ii~ ·d~~ .. ~~}!ifet 
,dlaracterlstlc ..... . \~ rn~¥lHconst",<,;.long; '.' .. aS~'(}~~l~~~SUC :as'tne;. 
l!y'clro~traJigraphY:'fsfruq;tP~al geometry, hydt··""·.tPr?perties~ste ~ ~stfi.~e;watertJevels; . 
ana;ie,gl~p~tgi:ounBwateY::t1ow:Stfess vada ... ln61Udea(lUife r 'P'". "isticst1¥tt~ , 

flu,gju~~~~~~~~,.7~~~~1m; 9~.M~.~; ...... 



Hydrostratigraphy 

The hydrostratigraphy represents the vertical and lateral organization of the various 
hydrogeologic units oftlle Edwards-Trinity (Plateau) aquifer system and is shown in the 
stratigraphic chart on Figure 2-12 and discussed below. 

Paleozoic 

TbeHickory, the Ellenburger-San Saba, and the Marble Falls aquifers are hydraulically 
connected to the Edwards-Trinity aquifer along the eastern margin of the plateau 
surrounding theLJanouplift. The Permian age Capitan and Rustler sediments are 
hydraulically connected to the Edwards-Trinity sediments in the Trans-Pecos portion of 
theaquifer(Bushand others, 1994). In generaI,mostofti1e underlying Paleozoic rocks 
provide Jor areJativeJy impermeable base for the Edwards-Trinity aquifer sediments 
(Barker and Ardis, 1992). 

Triassic 

The Dockllm . Group consists of the Lower (Tecovas F ormation), Middle (Santa Rosa 
Forrnatiori),andUpper(ChinleFormation) members (Walker, 1979). Only where the 
ChinleFonnafio~jsmissing,allowingforthe Basal Cretaceous sands to be in h)7draulic 
cOIIlII1~l1ic~tiol1 vyith~heunderJyingSanta Rosa Formation, is the Santa Rosa Formation: 
considered to:be an aquifer (Walker, J 979). 

TheTrinitY(J5oupsepiIIlen~s arecolTlPosed of the Lower, Middle,. andUpperTririity 
aguife~ .. ~ni.f~Fl1th~sqp~h~asterl1 pqrtiqn of the Elateau .. (Ashworth, 1983), . 'l11~L?wer 
Tri~itYfon§is~.eofFI?ss~onSal1d {§ycamore. Sandin·the outcrop), SligoFo~a.tion,arid 
Hal11111ett~~al.~.··The,1\,nddIe.1:'rinity .. consists,ofthe.·Cow.CreekLimest9ne,Hensel.Sand, 
and:the :19wer·IIleil1bfr op.the9I en·Rosel;iil1~st9ne.!lie 'Upper:trini1Y;)iCOJ1sists qfthe 
uppef111el1}per'ofthe(Jlen-RoseLiTI1estone(Ma.ceano others, 2000) .. In the Trans~Pecos 
region. oftI1~.plat~au;.:,~heTrinity. (Jroup .• ·sedirnents .arecornposedoftheYearwood 
Forrgati()nanq .. Jhc;;C9x §~n¥stone:Elsewhe~e oniheplate.~u,th~Trini1:yGroup;sedim.ents. 
are c9TI1posed.ofthe I?asaJ CretaceousSand,'theGJfn .. ~o~eLirnestqne,and th~.1Y.faxon 
Sand.T~e~~sELICre~cr?US .• Sand and fv1axon S~ndarrsqlI1etimes.lvmpt;dtogether.'and 
reffrre?t9<l.s}pe~HersS~ndorTrinjtySands in the n01ihetn plateau area where the 
Gle~ RoseLimestone1sa])sent. . ... 

",~'A"i ; <~;:' 

TheE9wa\ds,;Gr9upan8 . equiyalent ·$ediinrl1t~. co~sist of~he.Fredericksb~r~ ... an? L?wer 
W~shjtaqro~F s~dipJe~ts~TheFredt:rj c~sburgGroup. consists of the FinlflY .Formation 
wjthinthe.Fort~!ocb1:011 B~sil1; the EortTe:rettFol111ation.withinthe.·CeI1tra1 TeX.HS 
Platfol111;theDeyi1s ~yer:r ofl!1ati on.within theI?e~i1sRiver~eef T:rend;th:xyest 
Nuecesan'dI\;;rc~j~~t.f011TIationswithi~·tbe.Mavericl(¥asil1; and the Kainer FOnllation . 
witBintheSa~N1~:r?6~.Arch. The EowerWashita·Groupsediil1ents. are composed of the 
Boracho. F 0rm~ti{)nvyjtl1mtheFortStockton Basin; the SegcrviaFonnationvlithinfhe 
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Central Texas Platform; the Devils River Formation within the Devils River Reef Trend; 
theMcKnightand Salmon Peak formations within the Maverick Basin; and the Person 
Formation within the San Marcos Arch. 

The UpperCretaceous sediments include the uppermostsection of the Washita Group 
sediments (the upper confining Del Rio Clay and the BudaLimestone) along with the 
EagaJFord Group (Boquillas Formation) and the Austin Group sediments. 

Cenozoic 

The Cenozoic Pecos Alluvium aquifer is hydraulically connected to the Edwards-Trinity 
(Plateau) aquifer inthenorthwesternedgeofthe aquifer. The Upper Tertiary Ogallala 
Formation is hydraulically cOhnected only in the northern-most portion of the Edwards
Trinity (Plateau) aquifer. 

Structural Geometry 

Theinitialbasedepositional surface of the Cretaceous sediments.is generallyflat and 
tilted towards the GulfofMexico. Consequently, the Edwards-Trinity sediments form a 
wedge th~t thickens~oITl the north and northwest:~owards the south and southeast. . The 
excepfion~to thisstrilcturaItrend are in the areas llear theLla~sUplift and the Trans-.\ 
PSco~B~~~nand Range.The Llano Uplift isa tectonic structural highthat has persisted 
throughoutthegeologic history of the region. Edwards-Trinity sediments were deposited 
overfhisstructuralliighandlater removed by erosion. The Trans-Pecos Basin and Range 
istheres?lt ofamorer,~ce~tge.ologicevent;the Laramide Orogeny, which upIifte~and 
blockfaulted theEdw~~ds-Trinity sediments into mountain ranges and graben basins. 
The wed~~ofCretace~us sediments pinches Qutheneath the Ogallala sediI"nentsin the 
n0rt~ernportiono!theplateau (Barker and Al-dis, ] 9P§)7 The wedge Qfgretaceous 
sedllnentsis.faulf§&an9"pffset:alongthesouth:and·southeast"by"the .•. Ttrtiat·yjI3alcont.~ 
FatJJt~ol1e~yst~miM2.S~,'ofthtfEd~B:F9S Group se~imel1~~anq •. P2rtiol1~oft~.t:UPP~l!:'·. 
Trwi!y~e4ime ... . . ·'i.l1.reITl-0v~qj.nthe 9apY2111an~";ar~.asof~ht.1i~~~§~il1 COVl1try. 
A··~.ITI.all:l'?rtiol1'O .. \.. .. wal!ds-}rinity (Plateau )a~uif5f·,~scol1fmed·~~VaI~tl"deand 
Kinney~ountitsbeneaththe Upper Cretaceous DeLRioqlay .• The. seITl-.i .. permeably.Dpper 
Cl!etaceous$~aim~nts?t"the }3uda Limestol1eand Boq~U~~sF offi-tatiol1:formathin.cap 
overtheE .•..... d.~<:!rdsGrol!pjn thecentra}.and.southwestern,po .. rti .. D. n ... s .. ~ ...•.. oftbe. aquifer. 

,--" -' --.----':". ", ' ,- ':-';,., """, 

D~~'we;~20116~t~cifrO.ITl-.·several.·.sourqes an~::mef~.~d ··within a'~:&DgraphjC .Infocin~tion 
SysteITl-(GJS)fql!~~8:1~lsis~. By·usinggeostatisticali'techniques.Y)(~jhintht. GISftam ework, 
strucfll.r~Isurfaces ~~re dt~elopedfor th~tops:and bOfj;oms()fbotll the Ed~ards and 
·Trini~.~qyifeflll1itS(Figures 2-15. and 2-16): IhtbaseoftheTrinit)i .. ··sed~meD!.§·show.$ a 
p!:deo{v~peY.~2inc;j~tnt with the lower Pecos River (Figur~2-15).I~·addni9rl,.~ local 
hIghe*"~~tsn;~7 th~:.!,~terstEtion pfSchleicher,~el1a~d, Su~to~, an~'~imBl~ co~?ties.The 
b~seof<.th~.E9~ar~~:~edimerits ..•. ~lso.shmys .the.saPleIocal. high. ·jn.~9qitiol1.tothe 
Maverl9kBas~rl aloa~.theS~llthwestempoftiQnof v~l.yeJ;de;Col!;~t~(~i~u~e. 2-J6).The 
stru.ct11 ...... T. a.· . .1 ..•.. surfaqes show a steep ~adientalongthe Balcones FaultZonethatgen~ra1izes 
the fauIt." . <,. < .. 
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~ystem rather than actually representing the abrupt stair-stepped offsets of the individual 
faQlts. . ... 

HydranlicProperties 

The Edwards-Trinity (pJateau) aquifer is .hydraulically connected to four major aquifers: 
(1) the Cenozoic Pecos Alluvium, (2) the Ogallala, (3) the Trinity, and (4) the Edwards 
(Balcones Fault Zone). The.Edwards:Tdnity (plateau)aquiferisal~ohydraulically 
connected to several minot aquifers: (J) the Dockum, (2)tbe Capitan Reef Complex, (3) 
the Rustler, (4) the Hickory, (5) the Ellenburger-San Saba, (6) the Lipan, and, toa very 
small gegree"(7) the'Marble.Falls. ", " 

The saturatedthickness ofJess than JOOfeetto gre~~er than' 800 feetforthe Edwards
Trinit)i(pJatt1au) aqliifer systemgeneraJly increase.s :from north to south and varies the 
greatest alongthe,weste.ry, margins of the aquifer. Gentle north-south trending ridges and 
troughs of the folded Paleozoic base depositional surface ,combined with the topographic 
influence on the watertable'controIthe varifibility.insaturated thickness (Barker and 
Ardis~.}996), The aquifer is mostly under watertahle. or J,lPconfiriedconditions, although 
tIieTriri'ity unit of the aquifer may be semi-confmedl()caJly~where:re]ativeIy impermeable 
sediments oftheoved)dngbasal'member of the Edwards Grpup exists (Ashworth and " . 
Hopkins,':! 995). .. .. 

Trat1~inissivjty is a 'function~fthe,co~ductivity of the aquifer.~edimentsand the saturated, < 
tIiickness. Tli,eEdwards-TriiliU' (plateau) aquifergenetally hastransmissivitr values of 
]esstban,'5, QQOJeet'squared:p'er day.in thenoith,anq easte1f1J>ortions oftheaquifer.and 

.c··val(te:§·;b~~~~n5~OQOi;#d.})~;o/OOfeet,s'luare.d~~rA~y:;i,U~lJ$~~~them~pcl~~~!e!.Il.. ..•.. .' 
portions oftqe"aqliiferwithanayerage oHess than lO;OOO:£eet:squaredper"day(Barker 

.. a:ll(tArdi~~J~9.cil.Exc.ept:f<?rar,eEl:~' ofsignificantkarstini;luc~cl<permefibility, the 'average, 
hyar,~li1iccoijdug}iv'i!y,ofthe;£aWards-:rTlnity·aquifel" sediments is .about.1Qfeet perdllY. 

'. baS'ed'ohtr~I}§tTIjssi yjfy;a,ria'~atLiratedt1iidkness cllstributiops '(Barker :andAfdfs, <1996)'-, . 

·s~~~igg:~i~~ii~~e~:4~ta.j~ci~~:con~cted.frOtTI· th~.,~ix~;~~nrnliS~iO~"~~;E~:~~~:~ntal 
Qu~Ti!y (TqEQ}.allcl'ari~lyzedtocalCrila!e hydrauli~condtictivityvaluesfor;b()fh:the 

.' :E:dii~rds:aIld~'trli1jty~911iferl1riits.;rhespatial]ocatiQns:()ftl1ese sp,ecific .• cap~citydata .are 

'1l~~lt.~~;'~~~i:;;k1h~~~~tI~~~~~~:fe~ was 
.. 'PUlUPIrtg~te.~kdat~2:weretheJl :co]]eotedJrorn:the TWDBgrouni:lwater.dataoa$.eand ' 

.. Eriijyze4:td~Jlduiate:IiY&El1ilicconduCtlv:r~:forbOtl1~Eawaids ana Tfirli1Y:~(fuif~runits. :"' ",'';' ' .. -.-: : .. :.:',,'~~ ';i" :::< >'" "-/ -\ .. :-. ,.~. ;.-, ·r.:·;..··- .: .. ' < • .:. • :,;. ~<:-.. -.";:"_ ~t . _ ." -:; :""'>:<"' . .-: -, -:':-- -.": '.' . : , ~<~\:~.~ ,- ...... '''.- .' ~. -'.: ~".:" .';. ';": .. ,: .. ::" .. ~~, ;;."., : ".' -. . . 

1ii;aadltipfi!~()}J~OrIn9~e;pul11ping:tests.w,ere .conducted~n'alJnl)srevety'c~.urftybffhe· . 
aqmfer systelUby TwDBstaff QuJing .2000. Thepumping~testdafll1acrurllque~lafiiude 

.. ariaJ()ngifua,~,'coOrdinate~:asslgnea;to·them; The.cEl]culflted~:conchictivitydatawer~·then 
ai~~iz~.a·:~h§~pa#.a.II)' .int~ipolatea.usingge~stati~ticaftb·chi1fques(Fligures 2::17'alid 2-18.»'··· ,,".' .......... , . . . . , .. " . 

". 

Thegeometfic'Il1eanpffhe'hydra1ilic conductivity f6r·theEdwards;aguife~ unitwas' 
calp~lated atabout6.5fee.!per day/The .medianhydraulic.cOlICIUcfivity f,or th~::riinity 
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aquifer unit was calculated at about 2 feetperday for the southern part of the aquifer and 
about4:5 feet perdayforthe northern part of the aquifer. Two differenf1nedianhydraulic 
conductivity vahle's werepalculated Jor the Trinity aquifer unit because"ofipe difference 
in sediment cOITIposition between the southern and northern parts oftheaquifer·unit. The 
southel11 part ofihe aquiferis composed of the shale, sand, and limestone transgressive
regressive sequence of the.Lower, Middle, and Upper Trinity whereas the northern part is 
composed oftheTrinity Sands, ...." 

Water Levels and Regional:GroundwaterFJow 

Although water levels of the Edwards~TTiriityaquifer s,ystem are influenced.by climate, 
th~yhav~remained fairIyconstantexcepfinareas of the northern anclwestern plateau 
where~agenera] trend of declining water levels has occurred as aresult of increased 
irrigaticmpumpage (Ashworth and Hopkins, 1995). Steady-state water levels forthe .' 
Edwards-Trillity. aquifer were .analyzedtogain anunderstandirigof the :regional 
.grotlndwatedlowwithiJlthe aquifersystem.Wa!er.level data from the TWDB 

.. groundw.aterdatabasewere queriea for thefir~.~inter measuremenisofeach well record 
.avaihi.ble for both the EdWards.alld TrinityaciuIf~runitsandexcludingnieasurements 
taken durirIgthe't930s.and 19508 'droughfy~ars:;The water:level data Vv6requeriecl with 
theassumpfio:rl:'that theywouldhavemil1irl1alinf1uenc~ from,dim~teandpumpage, thus. 
1"epresellting;steaqy-stateaqiiifer.conditions~ The'water2i~vel'aaiawerethen entered . into a .. , 
QIS fordnspectionagainst the'. structijratsurf~ces .i)f·therr.corr,esppndihgaquiferunits. The 
qua:Ii!yeontroIled water'ievel'data~wgre'l1i~~nanalyiea 'and_,~~!~fPQlliteainto 
poteI1tionietric.orwater .. l~veIStirf~c,e,s·!of~oth·~he!fririity a~d::pq§ardsaquiferunits 
usirig;geostatisticaItechniques{Figures:2':T9ai1d2-20). ': .,. '. '. '. 

, 'V"~"',~"G~~':'~:»1~:.'·· ;:.:-:,',~o:~,,;'> """ '~'.:;~,:: .. <~:;.' . 

Thep;~§2stftiVer·has.~~v:ery:i~~ificant influence6rtgt~~hdw;~ter flo~, in~.we we~ern~~a,lf .. ' 
. . oft,~~~~i,ferlsystein:~:~9rrif};~6tpdwater il0'\V inthis]'art of,the;aquifel' Ogcurs as.cro~s~·· 
... (ofui~ntW.iiwf!bw;fr5rrPtIle:east~rnflariks;of~the 'fran~~.P~costl.16untains·i:Qtothe.Ceno:z;oic . 
. :~~f;f '·l·J !· . ~w~,~fI1.~9Wf~5::::Re.~49nal·gr;()~~~~~~~~fl~~.:e,~~~ qf~~~e,~g~;RN~~ji,~~generapy 
.,:fr.·......northwest:towards·th~;southeast~.~·J'e,~onal~oundwatet~dlvlde.cOli1cldentwlth 

" .' til~.;~art'~6ei~9~~;p~51 a:l}'2{tre;:t~HI1g'f,ic;rti·*h~nqrtli\vest ·in$c~6t;·d6u~tyt(f~~·~. s6utheast 
. , ··.ri~.aiili~ d6~qn'bqund~ry ·of Rear,::Kerr;·iri~E'dWaras:;6gTInti(~~~:s~p~ates:oowtowards 
·.the·d~1~~~~2~~et:~om':~?w tow~ras't?~t~~~~~vet~~~;~~'~~ande,\:~;::.·;.;,. . 

J~1iS~~~~~Sb~~!'-~'~~~~~~~f~~~~-J:~a1 .. 
p~ift,bf.theiReag~ .'. . as$c~cl(.p~ii1Y,;lJOl1naars~; liistdri91ir'i:m1area:ofct>n,~eiiiiite{1i/< ....•. 
i60iid~£tei)i>;' ; ~omalo'*u*slo\t::Wat~~Je~~ ':~: siOle\~'" *"~atetfi8f" g. "' ... '.. . .'. ,::?; (~ .".,<.: .. ","!::/."C~"'.,.: ."nW'%:' :.Y" , ,.,; '··.·>:-::nA .. t::e:;.~y(~j{i",::.;,.;.;.:~, .• ," ~.:;+ ~:f:::::::. 'Y~,. >~ "''=0::;: ::-K .. :!'\ .... ' 

concen1:l'a . ·!1pr0:d~ctiq~ijn.centriil;w~.$f~~hdlg, .... . e'uQ. cifthe: 
Pecos;R]v . ..erT.inity,~at~rJe¥t;ls4~h~i~;?;:iiHi)fe.. . . .. . . 'only 

.' the lower.D~Ylls)]tiver.irisouthei:n¥alVerde;Coun1:yrh an~ el1t-e ou·the 
. w~t~i' Jevel~~~S~.Trinj1Yw~ter:l~6IS:~oritirtuewitlithegeniie.. . . a:6~ldl~hi:!~uuth 
·towa~d;rtl1~!~~~'~~~.Eau1tzon·e:l1ri~:s'dritheast inio,~~-~iHCoug~;;::j~~;. .~:,.~:. . .... 
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,Edwards waterlevelsshowa steep gradjenttowardstheRio GrandcFin Ten"ell'County as 
well as the soutbernpart ofthe aquifer just to tbenorth oftheBJaconesFarilt Zone in 
Kinn~y ;~l1d 'UvaJdecountjes~Anonudous ,19~~atel" levels appear in ,southetnReagan 
CountyD'ear,BigLake. The central reach ofthe Devils River affects Edwards water levels 

" in the southeastern comer of Crockett ,County. Amoundiflg ofthewater-leveJsurface is 
visible in the area near the "comrTIon boundary 'of Real, Kerr, and :Edw'ards cOUlities ' 
forming a southwest.;;northeasttrending saddle shaped ~aJJey tnrougn northern 'Edwards' 
andsoutheasternKimbJe,counties;\ _ '.' 

,,'; 

Recharge 

'Recharge rates vary with climate conditions, surface geology, surface topography, soils, 
. vegt;:tatibn,andlanduse.Most recharge occurs from the infiltration of precipitation over 
outcrops of the Edwards-Trinity aquifer, from surface runoff into sinkholes, and stream 
10ss'es fr6minterrl1ittentstreams. 'Aifuncertain amount of cross-J?rmationaJ flow from the 
Ogallahl;aquifetalso ~provid~s'reoharge' to the Edwards-Trinin:aqtiifet system.in the ' 
'northwestern'potiion.of the aquifer. Ind].J«~d recharge occurs in Pecos' and Reeves, 
countiesaia -r:e~tilrofwater .. leveldecline?cl.u~, to irriga:tionpllInpage 'fromt11eCel1ozojc' 
Pecos AIlllVium,aqtiifer(Ba~kerarrdArdis,,1996)., .. ' .'. . " ' , 

Rees~ndB~c~er(,l~80i~~fiin~ted~e~haI'geo~ertheT~ans-Pe~osiegion'oftlieplareau:, 
to :beb~ty.lf1eB:akq.ut.03·a!l~~\O.A.'in~hesper)lear.·.Kuniimsk)i(1989Jestimated·recharge. 
overthe\eastem,portionofthez]Jlateau\to:rang~'betWeen0:12,and224:inch"es'peryear .. 
·Tbe~~ll!,1p]estrategyofusingfourpercent.'oftheIIleari annualprecipftation\\iillbeused as 
an.in~tiaL~~tiI11~~~'forTecharge forthe Illain,~pproachofcaIibrating,recharge within the 
niimericaJ~6~riawateT'f16~':inoaet'TheraQge:lliestimate~b'echarge.¥alues by.other., . 
investig~torsjJ:l'conJul1c;:tionwith reasonable values -inaqriiferconductivity dstiITiates will '.' 
be used .as J!inifs:ln.tbecalibhiti6nprocess;:- . .. .... .' 

.' ,_' '.-.·£~;.L~\:\;I._":'·,':,:/{'f:';:;~:.·:\T':\~ ,t\:: ~:: i,,)1 IS-::-.:,"~-E,-:\, _ ...... " . ':.' , .. ' ., .. <, .. 

InteraCtionS'of;Groun(JwaferandSurface 'Water: l . . . 

·~~ffi~~;;:thi~1;J~~~"~~~6~~~?~i&~g±J,~~~i;'s of 
the ,agU1fe.r#0!Il\spmlg~w~eretlI~Fat~[t~bk :intersects~aQyons,or suiface topography . 
toprQvi4e:'balief:l(>M~'to:stre,arri:$i.spri1lgs~alsC;"disqharg~groundw:afet.aJ6ilgthe:eastem " 
.; -,' .:,' .... :."'::.;.;,.. . ,"';'0" :' -.=,>,,;-:--,: ".,.' ':'; , ;" ~ '. ,,-">:<- ;.:,,:- .,"-"" ."~.fJ'.:~ . :.,:.' " . ".~ .. "" "''<''. " .. >;.'.. :;, ,.... "~' .• ~'/<"'::"'.' ...... : .. > ,~ "..' ; <~ ,." . t:~., ~ .. , -." 
flariks'Qf:the,'J:Tans:mecosn1Quntam:s;andthe,10wer~ec6s;:Rlv,er:canyolls,'As'water]evels 

·.de~4~~,cr¥,~e~w~st~ri1;po~ti?~:ortlieaquif~rd~~:tQ~ipct~~s~d.;Jrl}g~tio:np~Irip~gg;~pfing··· . 
f'JoW;s::v,iiffiintho~¢~areashave.;also:aeclined~]n;addition,;'il1~ny:sma11f§pring$;:!4at~()nc~ .. " 
fl~WptttgfQ~g~ou~~the,::.plateauh~ve,:cea~ectf1owitig:as<a::co!isequellce'.:6fnatiye;grasslanc1s 
beih ~ 0." j.i:ed:~rM5odyiy:~g~ta'fiorti.bat;6onsutriel1iglT~lwountsiofpoienti~riec1larg~and : 

. ~~119:"'.i/,:>, •. :~~g~~~~~~i~~al::,~~~n~tt:bef~r!~~'it,c~1~"~~~r.!0~~~~'~~?:~~~i~r~L,j':~,~::\~ ' •.. '. ",., 
Mbst:()r;fhejnt~tijiittent\streatt1$lji~h6ntl:)e:pla~eag:lose~theitf1Pw,to.;tli~"llnd~rJyWg 
.aquifer.:mle]qW.~1"2r~a~h:ef6fmaJ(;)rstream$:al()~g die :116lih~m?' .. ~astem, :aIi:O'tsouthem ..... 
margins ;ofth~piateaii\becorm~gajning;usuallywlien:ff:ieli:sfreanFc:ilahlrJf'61evi;itiol1 falls.' 
. ,,:"." "~:'::. _.'.:¥·_A'1~>-\ -:.<,- -, '.'" <~~<. ::".-; .. ---<.-/ ,." '" ," .:.'. <?:.-" _:"'''.'~:':: .. ~.'''"~';;.:-: ..... --•. i',,-.. <J--,::":"<:' t:",~>.;-"~· A. l .,.;:."._", •. , .>:", ," -.':. : 

b¢lQ"rthe,bas~!of.th~J::dward~-aql'dfer·ui1it.,:p;~e~to:pJi\Y1es,Ino.st}y.aJongpihjor stream '.' . 
valIeys,oisQbarge groupawa,ter .tuiturallyas6vapofranspllifioit,\\i1le;e':tne'\Vater table is 
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sh~llowenotighforthe root networks. The Pecos River .hasperhaps the most prime 
exampleof extreme evapotranspiration by invasive salt cedar .... 

. - ... '. -. 

TheEdwards-Tririityaqriifer interacts withreservoirs or la.kes onlyalol1g'the s~uthern 
mar.giriofthe'aquifer~ystem. Thesewaterbbdies initially }()st water tothe:aquifersancl 
rais~dvvatb?levelsiIltheirvicinity .bllt have all reached a fairlyst~adY·state.condifion 
sI.·.nc.e .. th.e ..•.. ,Iate19. 70s.~ .. ,The large. st of ... th.e. mis .A .. m.· .ista.dR.eservo.i.rju.st. belowt.heco .. n. flu.ence 
oftheDevils River with the.ruo Grande.in Val Verde. County. The . remaining lakes are 
located' in the Hill Country just north of theBalcones Escarpment and irichide.Medina 
Lake on the Medina River in northern Medina County, CanyonLake on the Guadalupe 
River in Northern Coma] County, and Lake Austin on the Colorado River in Travis 
County. 

Pum,ping 

TheE~wardsGroup'sediments provide most of the water iri the central, southem,and 
eastem.portions ofth~plateau while the Tririity GrouJ> sediments provide much of the 
wateiJ9f ~he~ northern and we stem areas of the plateau 'in additiorrtothe HiIlCountry 

. T~gio:ri;03arker'andArdis,1996): 'OverthteefourtIlsofthetotaJgroundwaterpurilpage ' 
frorntheEdwards-Trinity aquifer is used for"irrigation,ptimarily in the northern and' 
westernportionsofi~b;~quifer (Figure 2·21). Jv1ullicipaJ wateisuppIiers aCcolmt for the 
second;most;'coI11lTIon .gr9u!ldwat6ruse ·followed bY,rniniiTIalusefor ,ingustrial,miriing, 

'. ]i¥esto~k:and .n,.rru .d91m!sticusd'.Clinla!e );i~sa':s,i~w#icani~eff~cton th~a'lTlount ()f 
,grClyndwate:r:pu~page:fromtheEdwards,":":Ifinity aquifer withln:area.sofirrigatioi" 

>;>,;_. ".. ... , _". h" , . 

,...:"": 

it~'Q~1~;::, " .:;~ . ·~.·'k0.;;;;.:..· .f'. • ••• , ," 
~Itn~1!gh:vvaterH~a1!:tY jS!ypicallyhard,iti~;gen~r,alry5fr,:s1ii;~}(_c~J!f'for,ar~~in~t~~ " 

.' 'f~~fe5~s~~~'~E§t~?~n~aterfTom .Pe11.11I~?ev~~ptit~ ~esi~~p~~artc;Ilot,ei1 fi~4~hiin~l? 
area1:He;to'ml>;,'wltltgrOLliji:lvvatt;:r.1\Ql}1,the'Eavv~rds7J;l1Jl!!Y 'a }fer(l~;ees:alldBuclcr1f~r;" 

"J;28QJ~:W . " . '" "··.is:alsQ.affect . "indu~¢1:kTEichafg~;fr '"~cosRlv.e~;s.tl"e~mJ()sses~ 
:(B~~~4. .' ... 1§;'.!996).tr?tsi"o ...... ·ec~:~Hi'e~()i1!tt~l~~. . etartq~griBttltural;run()£f0; 

.. . ba~~:t~ig.:,:ia.~~~ff~ct(}t1:thegt;~~*cJw~t~f~qua~i~i:(}.&t~'#fu9rthemR9rti~no~~e . ". ,. 
Edwa:rg$~TrinitY;~quifer rW~1~et,1~'79). 'Wa~~qmi1itYa~pec~,o~1he ~Ed\1Yardg.;IrinitY 

'9'}ate~W,l~~~ger~YGsc~,em~are;:t$~~~~fe?}n m~5~;~1;:~~Vi~~rei:j~:~~=~tS~> ,'," ,. .. . 

iqt~~~la~~~r < ..~"?"i";:;c "" 

·Tl1e'·conc~ ...... ~' •...... ,,' ;'~'&~imp 1 I :inte;TI're~on thki:p~&~i~~~,~~tHe~~dtide~~pa~' 
,. ciftth~:a:quifet;s&st~ .... firies:the hyorosttatigraptlicurut ' , 
a~d;mllsttat;~~~:QW systeini\nderson alla'Woessn~r~]9~1J~ " 
tI1i5}Eclwat(j~:;1TiUi:" " Jat~a.u};aqfii£erdefinesiWc)·'·basic·;hMc1tli;· < .' The!l. f'0~;;~41i:;*r' . , ?t~l~~p~rti~ll~cdn~peQT1i·f';'; 

. '. u ....••.. en lltrcon; .... a ~dw~~dsatituifer.Irtadd! 
. 'eg~~i,~U~EsJ~:~.~e~~~~jto :th~fsollt~.e'aSt toi~,~uc!e.*e T , 



Figure 2-21; 

·111111.1,11"" I,\'~ ....... ;. 

pt .... ~"I."'r " ... .,..:-'0...1. 

;:; ..... m'JlIn-..).t-r f'''~·i.::nlol'U~r,"· 

. ------,.-.--'-:'.---.--:v-. 

f"'iW~t 

' .. n-~nlhiHlilc",' .. e< r ,.jkl!<l". 

Pump age from the Edwards-Trinity aquifer for 1980, 1985, 1990, and 
1995. 
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The Cenozoic Pecos Alluvium aquifer is included in'the conceptual model inthe Trans
Pecos region, 

The waterbudget incorporates rechargeJromprecipitation as the primary input into the 
EdwardsagLliferunit However, most of the precipitation returns to the atmosphere as 
evapotranspiration orexitsfromthe study area as runoff before it can become recharge. 
Up to four percent of the annual rainfalJenters the aquifer system as diffuse recharge 
over aquifer outcrops or as direct recharge from losing streams on the aquifer outcrops. 
Some of the recharge that occurs over the Edwards aquifer outcrop flows dovmwardinto 
the underlying Trinity aquifer unit. Yet, most of the recharge that enters into the Edwards 
aquifer eventually exits theaguifer unit as (1) seeps and springs along the plateau 
margins to become theheadwaters for tributaries ofmajor streams; (2) baseflow to the 
lower gaining reaches of major peremlial streams; (3) evapotranspiration where 
vegetatiorLis able to tap into the water table; or (4) pumping from wells. 

The Trinity aquifer has few outcrops exposed for recharge andconsequentJy receives 
much of its water from the overlying Edwards aquifer except in the Hill Country where 
the Edwards Group.sediments have been removed by erosion.lnthe Hill Country area, 
rechargeovertheTrinityaquifer outcrops is. about Jour tosixpercentofannualrainfall. 
The Trinity.aquifer may also receive some water from the adjacent Ogallala aquifer in the 
northwest ascross~fonTIationalf]o"".TheTrinity .aquifer loses its water to pumping wells: 
mostly in the LIan() Estacadcuind Hill Country areas, In the HilI Country, water also 
flows out oftheTrinityaquiferas.springsal1d b?-seflowto . gaining, streamsandascross~ 
forrnationalflowto the Edwards(Balcom~sFau1tZone) aquifer,IntheTrans~Pecos area, 
water exits both the Edwards ,and Trinity aquifers Into the Cenozoic Pecos Alluyium 
aqu~fer.§ft~rth~waIerlevels int~eT~servgirscmd l~kes~eache.dtheir capacity, 
groi.mdwat~r generallyfloyvsfromfheaguiferunits into the reservofrsandlakes: 

Ljth?Jqg!cC~(lr~9teris;icsare ·the· pril1c~palcontrol?nthepermeability. of the aquifer 
unit~.'The.~a\yardsiquiferunithasrelativelYhighverticaIandh?ri~ontal permeability: 
because.ofthe)IT1pstlymassjvelimestonecomposition.gfth.~EdwardsOroup .•• :r1JeJ'rinity 
aquifeFunit,h(ls~~uchmqre:vari~bleJ.itholog,ic .. compOsW9I} .• 'Ihe.!1og11~rl}~~l{.oft!?~,. 
Trinityaquiferjs:thiTII1e~andcomposed. of sands. J'hesouthemportion of the aquifer • is 
c?mposed.·.oJatljic~sequence. of sand,shaie, .andlimes~one:C?nsequent!y ,the.l!0rtl1~m 
p~rtoftlj~ .Trinity.aquiferunithas higher vertical and horizontalpenneab ilitythan.·the 
southerPpart· Jv.Ioreover, th.e sOLlthempart'has sigI1ipcantlyJ03'e rvertical .. pel1D~a~ility 
thanhorizontalpenneabiJitybecauseofthestratifiea"seguenceoflithologicsub-units ... 

, ', .. ' ',.' , : ~ - .. - -, "~ - - '- ":",- " -, .. ,:-- '-' '. :"-"-' , ,', "- :- "'-'-"" ' .. 

. TheEdwards;:'TJYinity(Plateau)aguifer is located be~e~ththe .I<:c1wardsplatefiu .ofcel1tral
vvestTexas,aTegionchar?ct~ri~ed. as.a tableland withthinsoils,subhu~ia to sLlbarid 
cIi~ateandvegetation,andasj)arsepopulati6n. The aquifetsyst~m is composed of Early 
Cretaceous age sediments of the 'TrinityGroupandtheoverlyingI)d\yardsGroup; 
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The TWDBis developing a GAM for the Edwards-Tri1:ity (Plateau) aquifer. A 
conceptual model was developed as an initial task inth~ design of a numerical 
groundwater flow model·ofthe Edwards-Trinity (Plateau) aquifer system. The conceptual 
mode] is based on characteristics of thehydr:ogeoJogic~etting such as' the 
hydrostratigraphy, structural geometry, hydraulic properties, water levels, and regional 
groundwater flow. TbeconceptuaI model defines twohydrostratigraj)hic units for the 
aquifer system in which the lower unitTepresents the Trinity aquifer and the upper unit 
repreSel1ts the Edwards aquifer. In addition, the conceptual model incorporates the 
Edwards·Trinity(plateau ) aquifer with the Trinity aquifer in the HiUCountry and 
Cenozoic Pecos Alluvium aquifer systems because of their unique hydraulic connection. 
Interactions with vertically and laterally adjacent aquifer systems as well as aquifer 
stresseS such as recharge,well discharge, and naturaLinteractionsbetween groundwater 
and surface-water features such as springs, streams, and lakes are also represented in the 
conceptual model. . 

References 

Anderson, M. P. and Wossener, W .W. 1992, Applied Groundwater Modeling
Simulation of Flow and AdvectiveTransport: Academic Press, Inc., San Diego, 381 
p. 

Ardis, A.F., and Barker, R. A.., 1993, Historical saturatedthickness oftheEdwards-: 
Trinity aquifer system and selected contiguous hydraulically connected units,West
CentralTexas: U.S.·.Geological Survey Water-Resources InvestigationReport92-
4125; 2 plates: 

Asl;ryvortb, ·1.13:;J983 ,Ground-water availability of the.Lower Cretac~ous formations in 
·fueHiIJCountryof sollth.,central Texa~:c·.texas Department of Water Resources . 
~eport ··27;3,'J7.3 •• p. 

Ashworth; J;::·!;~~ha:Hop§~l1s,J., J 995,' Aquifers of Texas:! exassyaterDevelopment 
Board R~R9rt345, 69pi 

B~~l(er,R. A::;and Ardis, A. P;, 1,992, COllfigurationpf thebaseo£:fl1~Edwards-Trinity 
c . aquifer syst~mand.hydrogeo]ogy oftfi~underlyingpre"Cretaceousrocks,.West 

.gentralr~p~s:lJ.~;.G~ologicalSurveyWaterJ~esourceslnvestigatic)l1 Report 91 ... 
:<4071., 25p'- . 

BaEker,.R.·A,.1~tandArdis,~.F .• 1996,Hy~rogeologicJnlm~workpfthe'J2dViar:cls-Trinity 
.•. aquifer sy~tem,. West-Central Texas:l.J.S. Geological~urvey.Ero~~s~ion~lPaper 

')421-B,6]p:withplates. ••........•.•••• ... ....... ....•.•.•....•.•.•• 

Barker;R.~.,BusH,P.~", and Bak~t,E. T., Jr., 1994, 9:dlqgichistory anq 
hydrQg~()logjc.settll;tgofthe£~wards-:-Trinit)7~quifer~?'stem,.West~Centra]Texas: 
U.S. Ge910gical Surve:yWater~esources Iny~gtigation!tepOl:t94-403g,50 p. 

Bl~l1tzer':R.;lF:,j99.2,Ev.aluation0:f§mulld-wat~rResources6tthe paleo#~iQ.and 
Cr~taqe()llsAquifEfl":Sll;t the Hil1··G1~llntry of Central Texas: Texas WaterE)e;:vel opment 
Board Report 339, 130 p. . 



<. 

.Bomar, G. W.;1983, J'ex.as<Weatber::UniversitYQfTf;l?>as Pre,ss,256 P~ 

Busb,P.W, J989,PlanningReP9rtJor the Edwards-Trinity Regional Aq~ifer-System 
Analysis in CentraITexas,Soiitheast Oklaboma,al1dSoutbwest Arkansas; U;8. 
Geological Sur-veX Water-Resources Investigations Report 86-:-4343, 15p. . 

Busb,P.W.; Ardis,A.'F.·, al1dWynn,K.H:,.I993,Historjc~rpotentjom~tric surface of' 
the Edwards-TtiriitY'aql1iferBystemand c'ontiguous hydraulically connected units, 
West-Central Texas: U.S. Geological Survey Water-Resources 'Investigations Report 
9.2~4a55;3s1ieefs: . 

Bush,P .W.:.l)len~"R,. .. L~, and Ritimaster, R.L.,1994, Dissolved-.solids concentrations 
. and l1ydrocbemical facies'in water oftheEdwards-Trinityaquifer system, West
Central Texas:U;S.Geological BlIrveyWater .. Resourceslnvestigations Report 94-
4120; 29'p. .. ,,&..' . : .. ' . 

. Carr, J: T.;WI(", 199:7,.Jhe:climate ·aQd phy~iQgrapIJy of Texas: • 'Tex~fWaterDevel:o:pment . 
BoardReport 53,27'p, '". '.' ,.:' 

Cooke, M. J., Stern, L.A., Banner, J.L, Lawrence, E.M., .St~ffotd~ T~·W;. Jr~,and '. ' 
:. Toomey,:R:·S'EIII~2003.:Precise timing and. rate ofmas.~ive lEite. Quaternary soil 
denudation: Ge:o]ogy,v:31,:no. JO;p:8SJ-856. . .'" ," ", ' 

< < " •• , - -'" < -; • "'.. • •• " 

FennemaIl,N.,M.,193i, PhysiographyofWestetn DnitedStates {lst e~L)~N.ewYork, 
.. McGraw~Hill~534p! .' . 

," '.: ~.;~.=;' . 

. Har:b~iIgh,A;"W:,:a114'M~D6nald.;1\i, G~, t"996'lIs,er's doctullelltation fC?t. M()DFL6w~ 
"9~{aBUJldate,~Q;t4~?p:s,'GeoJogicaI .~urvc;:y.ri"!odul~rfi11ite,.,dif(erel1,qe,.gfoun~-wf1ter· 
flowmo(fel :~D;S<geologjcaLSurvey qpen-FileReport96485,56 p .. '. . 

K:astriih~~;~E'i'1Il".Jt:~.J§84;:l1Ycirqge~I11()rp1ii~\~ydlu.tiOn'of;lc~r~~edJ?lateaus'~ri3respo~se to 
··regionaftect(}m~nf;'.inl;aEleur,:R G., 'ed;, .Ground~ater:as 8;geomorphicagent:.· ". c'·· 

Prp(?e~dillg§:gi:1he,';Th4"t~~i:t!l1'~llal-GeC?morphology :SYIrlposillm~ I~o,y,New York: 

~ii~.'~I_~~~~~~~~~t<¥~~~:;:. , 
InvestlgatlOns.Report89-:4208;2sheetsr' .' . " 
. "":/.<~:.~/:,<:,.~, ... <:.'.:::"." ,. .... -<: '-.:~:_:.-.>:'':--.: ,,:.<";"i;."~:.'::: ... ~.. . ... :. < • , 

Kuniansl\],E: L."1990, Potentiometric ,surface of the Ec:Jwards-Trinity aquifer system 
aria:cqniig~ou~';l1y~drau1ic~l!y,.cfonnectea units,,;W.est~Centtal ~~:xas, winter 1974-75,: 

, U.S: Geo16 -'iEiil, Su%~yy·Water .. Resources'Repoit 89.2420·8~1:2·sheeis. " -
"'. - (""P" c.,;-~"~ ;-,":,...t.- ~'~ '::'~~>::t;~# >*' , < ,w l~' "J', ,<h-t;,,,,,-,», 'h"'" " -' /..,." ' 0" ~ 

'I~uriiansgy, . . . ."d.~~lIigan,.:K1: !X~~, ]'9941 Simulatioh§. ofvflbw- bithe Edwards-Trinity 
':ag;H!f~r~~)!~t,S~i~P~f;2~t!~R~~,1j~9i:~q!~:e~n~~~q?n ... ;g\;V~~~;~~$t·G~~~~l,·rexCl~:.· . 

rLS;:.6eploglcal:Surv~Y¥,ater,"7Resb!1rcesIi1Vesil·· _ . rlsRepl>rL93-403Q;40:p. ..' ." 
,"':'" >.> •. : ,~, " ," " ... :" .. :.> ... ~ .... ;:'.">!' .. ' ..... ;-:< .... ~: .. :~ .. , . .:.'''~' .... >., .... ',"- " ... (:"!:;. ••.. : ... ,;}','. ""' .. : "'," "," : 

LBJ:s6h()ci];.Qf:l;lJlb1i~~jtS'~li!iI8.,iHrese,rMing.:Jr¥X~~~~~ft!r~lH.e!."j~g~: ~~~ee£ch~ .. 
, . Pio]ect Report 31.; TJie"TIniversity ofTe({as ,at Austin, p ::}7. ,~ "'. ..,¥. ' 

. Mac~:'i;;E::(2661,Estiiniti~gt~a~smis~ivity :usl~g specific~~~p~6itY'aata::Tfie 'UillversitY'" 
~·.':onfe*l'(s~ae~ustil1j::Blir~lluof;Economic:GedlQgy£;Ge610gilfal~C1rcU:l~:r~N0. ·01 .. 2, 44. p .. ' " . '.' ." '. .. . . ... , .. :....... "'C" : " •.. ,.: . '," ..... .' 

59: . 
~. . 

08 : . ".' .. ':.' 



Mace,R. E., Chowdury,A. H., Anaya, R., and Way, S;-c., 2000, Groundwater 
Availability of the Trinity Aquifer, Hill Country Area, Texas: Numerical Simulations 
through 2050: Texas Water Development Board Report 353, 117 p. 

McDonald, M. G .. and Harbaugh, A. W" J988, A modular three-dimensional finite
difference ground-water flow model: U.S. Geological Survey, Techniques of Water
Resources Investigations of the United States Geological Survey, Book 6: Model 
Techniques, ChapterAl. 

Mecke,M. B., 1996, Historical Vegetation Changes on the Edwards Plateau of Texas and 
the Effects Upon Watersheds: Watershed '96, EPA Conference -Moving Ahead 

. Together, Technical Conference and Exposition, Baltimore, Maryland: Session 26, 
p. 281-285.http://WV>.Tw.epa.gov/owow/watershed/Proceed/mecke.htmI 

. Raisz, E., 1957, Landforms of the United States: Raisz Landform Maps, Brookline, MA. 

Rees,R., and Buckner, A. W., 1980. Occurrence and quality of ground water in the 
Edwards-Trinity (Plateau) aquifer in the Trans-Pecos Region of Texas: Texas 
Department of Water Resources Report 255,41 p. 

Rose, P. R,1972,Edwards Group, surface and subsurface, Central Texas: The 
University of Texas at Austin, Bureau ofEconorriic Geology Report ofInvestigations 
No.74, 198 p. 

Ryder,P. D., 1996, Groundwater At1as of the United States, Segment 4- Oklahoma, 
Texas: U.S. Geological Survey Bydrologic Investigations Atlas 730-E, p.E19-E25. 

STade, R.. M.,j~., 200 1 ,T~~pmalfrends in the Precipitation and Related Hydrologic 
Characteristics for Central Texas: in Woodruff;CM., Jr., and Collins, E.W.,Trip 
Coordint.ltors:Glli debook 21 , Austin Geological Society, Austin,Texas, April. 200 1, 
p.55-61. . .... 

,-.-- . 

$l~cle;R. ·M.,:!Jr., BentleY;J.T.,(lmiMichaud, D.,2902,#~sultsofstreamflowg~iI)"loss 
studie?in;r:?xas, with,:emphasisong~ins fromand losses to major and minoJ:".aguifer: 

U.S,qyolggi~~l Surv~y:Qpyn.,File ~~p~I"t22 .. 068, 49p.. . . ...' < ' 

Tho111bE:~()V.DE1965>1~ .. ~gicmalGe0lJ:!0rphologyof,the Uniteg,§t~t~s: .. John.Wileyand 
Sons, New York,609p. ' '.' . ' ,.. . 

Univ9rsit~o~:itciaho, undated, The tWelyesoi1 orders: IJp.!yersityofIdaho Soil and1,;and 
Reso~rcesJ:)iVjSiOnWeb.S.ite,.h~:~~~~ils.ag.uidaho.~?U!So,Ilorders/index.htm,. ' 

USD~,J 999,SoilTaxonolTl~7'Abasics?,steIn 9fsoilclassification{ormaking aptl 
interpretingsoiIs~rY~Ys: Uryited States Departrn9ntof Agrictil~re, Natural Resources 
Co~serv~tI2D. ~e~i~:,Agric~1ture Hap.dho()~N unil5er 436, 871'p.ftp:llftp., 
fc.sc:egov .usda.gov7:NSSC!Soil..9;axonomyyta){~pdf 

W a1ke1."F.E.~1979,pcmlrrence,aX~i1ability,al1Hchemical ql4l~ityofground vvaterin the 
Ed~ardsPlateau Itegjon of Tiyxas:l'exas Department of Water Resources Report 
235.;337p.' . '. ..' . 

W ern1und,E.·O., J996;:~hysjogtl:lphi~J\llap of'};~>I;as:Bureau· of:Econorriic.Geology, The 
University of Texas at Austin'Ie~as,J p., lrnap ,plate. 

Young,K., 198~, TheP]eistDceneTetr~Rossaof Oentral Texas: in Abbott,P.L., and 



Woodruff, C.M., Jr.,eds., The Ba1cones Escarpment~Geology, Hydrology, 
Ecology, and Social Development of Central Texas: Geological Society of America 
Annual Meeting San Antonio, Texas, November, 1986, p. 63~ 70. 



Chapie:r5 
'to > ,:,," z· <,,' 
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. ,Hydrologic l{elatio:nsb~psand NU,merical 
Sil1lu~atlo~l1s ,·of th,e. Excha:uge of Water 

BetWeeit',the South~rnOgallalaan:d 
Eti"Tar~s-TrinitrAqu.ifers in Southwest '.' .. ' 'Tex~S . 

TheEdwards~Tl"iri~traqtilfe:r is themosf .sigriifjcantsourceof water'~rlthb'~d~ard~ 
Plateau;.Whip4,c::,q;V~ts::appr9}{j91~telY'23~g,q9squ~!e'rri,ilesirt.southwest1;exaS.·:rfie·· .• · 
:aquifei:is:;pqurid~(h(),tthe:ri9rlh'¥est:by1he:phy~icalliniit'ofthe CIetaceou.$:r.ock~, which, 
. occl.lrsjl1,tne~~:t1t~ern;·porP1011siofAlldr~ws~Martin~;and.B6watdcounties (Figure.S-l),· 
Theprhna~~gt1jfefit.Lthesecounties9ccurs·in .. saJur~tedsediments of the Qgallala . 

•. . Form.fiticin1f1plit;th,~i~:,;lg8,;Ilal~F~rmilti,oiusedinhwi$;tltiri~tQjth~,;:S()uill··.apdj.pfteV;;oqct1ni~b9ye.·· 
thewater;table;'in3E:Ctor,;1Ni.fidIand,~tia;:Glassca~kc.~t1ntieswheresaiUr~ted Ctetaceous, .' . 

.~ '5 . , wQ:a;;;ii1fersi~crtanstli()l1it:afi:ctis:rtorw~irdefi'" '<~"'u6h\of 
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FigUre 5-1: ExtentafC!etaceollsSUbc~opbeneath.Southern,Hi~hPlainsandJocation 
of study area (after Fallin 1989; Know1es and others J984); 



Geology 

The geologic units within and adjacent to the study area are summarized in Figure 5-2. 
Where the Cretaceous subcrop beneath the Southern High Plains (Figure 5-1) is absent, 
Triassic sediments (Chinle Formation "red beds") generally occur immediately beneath 
the Ogallala Formation: Within the study area: many of the mapped Cretaceous outcrops 
consist ofthe Trinity Group Antlers Formation (Bureau of Economic Geology, ] 976, 
1994), which is equivalent to the Paluxy sand of central Texas (Knowles and others, 
1984). The contacts between the different systems are unconformable. 

Aqui~erTermino]ogy 

Prior to proceeding with a discussion of the hydrogeology of the study area, it is 
important to understand the. distinctions in terminology used in various reports to describe 
the aquifers of this region. The term Ogallala (or Southern Ogallala) aquifer is the 
standard Texas Water Development Board (TWDB) term for the major aquifer that exists 
primarily within sediments ofthe Ogallala Formation. However, the term High Plains 
aquifer is co:tnn1onlyappliedtothe same aquifer system (Gutentag and others, 1984; 
Kriowles and others, 19.84), implicitly recognizing that in some areas saturated Ogallala 
F ormation sediments are hydraulically .connected tounderlyingpenneable Cretaceous 
rocks. In this paper,thetemlSouthem Ogallala.aquifer is used for consistency with 
TWDBterminology, although portions of the aquifer (substantial portions within the 
studyareadiscussed.here}actual1Y exist within Cretaceous sediments rather than within 
the Ogallala.Formation. To:avoidconfusion, where, a .cleardistincfion between 
,groundwaterin each geologic unit is necessary, .the terms "saturated Qgallala sediments" 
ancti4satUrated Cretaceous sediments"are used: 

Hydrogeology,. 
;.RelativelyJittle,.h~s,;beel1;publjsheR,ab9ut,tfle ,hydrogeology ofthe~dwards-'Trinity 
agu~fer'beneath the Southern High Plains, .Fallin (1,989) provides what is probably the 
most.deta.i1~d description of the hydrogeology of the lower Cretaceous rocks thatlie 
below the QgalhilaFormation. over an area of approxiinately J 0,000 . square miles 
.stretc;hing from NewMe1{icotoJhe,eastemcaprook .escarpment (Figure 5-1 ), (north ofthe 
aFeaof i1}t~restf()r this pa:per).Rett§a~anc1Leggat (1966) ana Cooper (1960) provide 
detailed discussions oftne·Cretaceorishydrogeology m subregions of the largernorthern 
area: Natlv (1988):anCl ]\fat1v;andGutierrez (1.988) also provide detailed analyses of the 
hydrogeologyand.hyd[ochemistry of the Cretaceous aquifers that exist beneath the ' .. 
SouthemHigh.Plains. A colTIparison' of the base of the Southern Ogallala aquifer maps 
from Knowles and ot1Yers(i984) and McReynolds (1996) with the elevation ofthetop of 
the Cretaceolls'sectionproYlded bYFallin (1989)indicates~that;in general. large (more 
than severalterts of feet) thicknesses of Cretaceous rocks are not included within the 
aquifer asdefmed by iheseimijJs. . '. , 
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Series Group Formation 

Alluvium, 
eolian and 
lacustrine 
deposits 

Ogallala 

Description of Rocks 

Sand, clay ,silt, caliche, and 
gravel. 

Tan,yellow, and reddish 
brown silt, clay, sand, and 
gravel. .Caliche layers common 
near the surface. 

Hydrogeologic Units 

Generally yields small anlOunts 
of water to wells; may yield 
large 3lIlountsof water along 
stream valleys of Edwards 

.. Plateau. 

Yields.moderateto large 
amounts of water to wells across 
SouthemHighPlains. Yields 
small to moderate amounts of 
water in Andrews, Martin, 
Howard. Ector. Midland and 
Glasscock Counties. 

Duck Creek Yellow, sandy.shale and thin 
gray toyellowish brown 
argillaceous limestone beds. 

Yields small amounts of water 
locally to wells. 

Kiarnichi Gray to yellowish brown shale 
with thin interbeds of gray 
argillaceous limestone and 
yellow sandstone; 

Yields small amounts of water 
locally to weJls. 

Light gray to yellowish.gray; Generallyyields.fairly smaIl 
thick to massive bedded,fine- amounts of water to wells 

. tocoarse~grained limestone. beneath Southern High Plains, 
r----+---'---'---------'---'1 but may yield large amounts of 

Light gray to yellowish bro'wI!, water.locaI!yduetofractures 
irregularly bedded. argillaceous andsolmioncavities. 
limestone with thin .interbeds 
of light gray shale .. 
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Yields smalltomoderate 
amounts of water to.~T(;!lls, 
rrirna:[)'.aqlliferof9~taceous 
system'.within tbe stu4yarea. 
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Within the study area, the Trinity Gwup Antlers FOl1nation (commonl)' called the Antlers 
or Trinity sand) fornlS the predominant water-bearing unit of the Cretaceous rocks 
(Knowles,J952;Walker, 1979; KllO\Nles and others, 1984; Ashworth, 1986; Bureau of 
.Economic Geology, 1976, 1994). For the most part, therefore, the Edwards-Trinity 
aquifer within the southernmost counties of the Southern High Plains can be considered 
to be coincident with the saturated portion of the Antlers FOT111ation. Although the Antlers 
FOT111ation lies below the Ogallala FOT111ation stratigraphically (Figure 5-2), the Antlers 
sand is similar in appearance to Ogallala sediments, and the two are often not easily 
distinguishable (Mount and others, .1967, p. 45, in Barker and others, 1994). Knowles and 
others (1984) state that althoughthe Antlers sand is the primary water-bearing fOT111ation 
in Ector, Midland, and partof Glasscock counties, only moderate quantities of water can 
be obtained from individual wells due to relatively thin saturated thickness and Jow 
hydraulic conductivity. 

Groundwater flow within the saturated portions of the OgaUalaand Cretaceous sediments 
is genera:llyto the east or southeast (Figures 5-3 and 5-4). Contours of regional water 
levels within the study area are smooth and continuous and apparently indicate a smooth 
trimsitionbetween portions of the aquifer composed primarily of Ogallala. sediments and 
portions composed primarily of Cretaceous sediments, Groundwaterirom Ogallala 
sediments discharges at springs along the caprock escarpment,at the margins of salt 
lakes, along draws, and at wells .under post -deve]opmentconditions. 

Water in saturated Cretaceous sediments flows .east or southeast toward the Edwards 
Plateau, unless itisinterceptedb)/ wells ordischarges atsprings;In the past, many of the 
springs whhin the study . area, particularly in the southern and eastern portions, have 
discharged groundwa.ter from Cretaceous sediments. For examPle, Big Spring, atthe 
caprock;escarpmenfin Howard£ounty,reportedly<emitted.from '~lower Cretaceous· 
limestones and sands in a collapse or.sinkarea"before it ceased flowing due to nearby 
pUIT.lping{Brune, 2ob2, p. 238). M ulk~?Springs in southeastern .Martin. County "poured 
fromDgallahi.sa11donAntlerssandstone"until the:1950s(Brune; :2o.o.2,p: 30.4). 

iecharge,t~ ,the,s,aturated Ogallala anddretaceous $ediments~ithin the st~dy are~ ;~c~~s 
pi:ini~l'ily'fr9rt1J;recipitClt{on an~ lateiarinfr~w·.:ke8harge appn~dl~ the Sout116ritogilliiIa 
GAM is about 0;83 inch peryear (inJyr) forpredevelopment,conditions but was increased 
tqa maxiinmpofO.5 jnJyr:fol' agricultural areas (Blandford and others, .20.0.3). Because 
regionalground'}!aterflcrw is:ge1J~ralj.Yto thesoutl1~a~r: mimj~king th~ sJqpe'ofthe land 

,"~ ; "'~.' .( < ••• ",',' ,~~" • :,'" ,'/ •••• " ". , • -, ", ~ '/'. • ;;'«,- <,,:j'" ~y .. "://,, , ..... 

sqrface,groLlndvv~ter flqws 'ipto'the stuCly area from portions ()fthe a qui feito the 'noiih " . 
(Figure 5':3): AS'ihe OgaI1aJaseaimentsthinand/or,occur abciveti1e watei~table, /' . 
groundwater ;fl.()\X,rs~iirectlyjn~q the.'Bd~'ar,~s~ Trinity .. aqyif er{Cr~ta,seoLls .se~im~ents). 

.' " .~. • " • • c • ; < ,,' • -"<"'~ " ,.< N,' , ~"< , ., ~ <" ,: 

·Portions"ofhycItoge~logiccross·sectionf.JF~fromK1jowTes~n~·otI1ers (1984) andgeo-' 
logic cross~sectibnB~B' from Barker and.Ardis (1996) are reprpduced 1,lJ Figure5.:S: The 
Knowles and others' (1984) cross section (F-F') indicates that tfiesaturatedsedimentsin 
Ectoranci southern Andrey;rs countiesareCretaceous,\vi¥h~i'relativel)I~f)nipt transition'·· 
to saturafedOgana:la sediments'tQ'theJinrth: The 'transition from;1:hepredorninance·of 0 

sahlrated Clgal)alasediments tosaturafed Cretaceoussedimerits:is notreflectedqyobser
vabJechanges in, water-table elevations, atJeast aUhexegional scale. This is consistent 

" '" , .' .' • • • • ~ • • ,~ , .' , , . '. >, 
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Figure 5-3: 

... 
N 

o 5 10 15 Miles 

~ -
N Water level elevation contour (ft'msl) 
N Stream/drainage 

co- Well withwaler level elevation 
, .,.' Spring 

Observed water levels forSoutheTI1 Ogallala aquifer for winter of 1989 
and 1990, major drainages and historical spring locations (after 
Blandford and others, 2003). 
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with theobservations that no apparent significant changes in aquifer thickness or hydrau
lic conductivity attributable to changes in saturated formation lithology occur within the 
study area (Blanclforclancl others, 2003). The Barker and Ardis (1996) cross section 
(B-B') indicates a significant thickness of Ogallala Formation in Andrews and Ector 
counties, with a thin underlying wedge of Cretaceous sediments beginning in southern 
Andrews County and thickening to the southeast in Ector and Midland counties. 

The base of aquifer map for the study area from Blandford and others (2003), assembled 
from maps presented by Knowles andothers'(1984), is provided in Figure 5-6. The map 
illustrates that the .. base of the High Plains (Southern Ogallala) aquifer is complex with 
numerous paleochannels evident throughout the study area. Note that the mapped 
paleochannels represent the base of the High Plains aquifer and therefore include the 
saturated thickness of the permeab1eCretaceousunits (primarily Antlers sand) where 
they form an imp()rtant part of the aquifer. 

Nativ (1988) presents a map of the difference in hydraulic head between the Ogallala 
aquifer and theunderJying Edwards-Trinity aquifer within the six counties of interest 
(Figure 5-7). Although details of the constru~tion of Figure 5-7 are notprovided byNativ 
(J 988) or Nativ .and Gutierrez (J 988),ohserved water levels from wells completed in the 
Edwards-Trinity aquifer in Ector, southern Midland, and Glasscock counties for the time 
period 1978 through 1983 wereapparentlyusedbyNativ and Gutierrez (1988) to 
determine a potentiometric surface (Figure 5-4) thafwas 'extrapolated beneath the 
remainder of the study area .. This surface could then be compared to Ogallala aquifer 
waterlevels from the same general timeperi6d provided by Gutentag and Weeks (1980) 
(Nativ,,1988; Nativand Gutierrez, 1988), 

Nativ's.(1 988)conceptual modt~lis clearly one inwhichsaturated Ogallala sediments and 
saturated Cretaceouss~dimentsrormdi§tinctaquife\.unit~.withobservable differences in 
hydraulichead~~tweenthem. Although applicable to the~orthern section of Cretaceous 
subcrophe~eath;the SouthemHigh Plaj~s;itisnot cJ~arthai this conceptual model is 
a~~uI'ate within some portions of thestud>,areadiscussedin this paper, 

Assllmingthattheil1terpretatioTlofNaflv (i(88) and Na.tiv ancl.Gutierrez (1988»is 
\orrect,Fjgure377illustratesth~tthe observed. differen~~between hydraulic he~.g·i~ 
saturated Qgallalli' and Cretaceous sediITl~nts ranges frQr:pD to 5 0 feet~jthdowI}~li~d 
flow from the 0sallala sediments into Crr::t:l~~ous sedim~n;; prevalentthrough0ll;tp1ost 
o~t~estudyarea.Al!hough zones ofupVYli.rd~oVlraredepicted in Figu~e5-7,nodirect 
wat~r~level mea~urep1entsarea-vailable t()confinn the Ia.rgest map~edTegion or 
P9tentiall~ upvv~~d f1?~fr?mtpS;.Cretaceou~ .• sedjment~~:to saturated .og~IIala"~~d~Tl1ents 
in weste~ MartinanR·ll0rthwesten.1Gl~sscock .• p~Ll:llties. In addition, teceI:l1I~pgnstructed 
potelltior:petric surfaeemaps for the st~QY.lirea(Blandford and others,200~)~j~fer 
markedl:yinsomt; pla.ces.from that presente,db,yGutentag and W~eks(1980),!he map 
pI'esu111.li~1)'used?y •• "Bativ (1988lts.construct t9~"hydr~Ll:lic~~e~9 .. dif[erellcemap that is 
reproduced here as Fi~ffi"~.5-7. Inh~rent uncertaintx in the region~lpotenti()metric surface 
mapsleaves'somequestion 'regarding the interpr~~~2 magnitpdeand Jocati~11ervertical 
hydraulic head gradients between satuta.ted Ogallala and Cretaceous sediments. 

08 076 



4:.<, 
" ':'" . i' c,;;r..t ,.c, 'c::: . , 

"'0' 5"10:15 'M~~ 
.~,: ".7!.,:\::">,.<>, .. 

N AqLiifer bottom (ftmsl) 

, 123' 

I 
j 

. i 



Thedifferf.mceinhydraulic head between the saturated Ogallala sediments and the 
underlying TriassicDockumGroup immediately to the north of the Cretaceous subcrop 
are substantiaIly.larger(up to 800feet},indicatil1g a much higher degree of resistance to 
groundWater flQ:win the verticaldirectiopdusedby the upper Triass'ic units (the low
peImeabi1itYC;liiI1leFormationo~,'iredbeds"),as would be expected (Figure 5-7). 

Previous ModeUng Sfu:dies 
The U;S;(JeologicaISurvey completed a modeling study of the entire Edwards-Trinity 
aquifer in west-central Texas as part oftheir Regional Aquifer Systems Analysis (RASA) 
Program (Kimiimsky and HoIligan, 1994). In this modeJ, thelocation of the northwest 
bound~ry thatadjoins the High Plains aquifer "is somewhat arbitrary," according to the 
authois~and was simulatedasa "head-dependent source or sink boundary pfaced within 
the High:rla:ins,~quifer"{Kuniansky and Holligan, 1994, p.23). Other related Edwards
TiinityRASA!eport~ includeJ(uriiansky{1990), Barker and Ardis (1992), Barker and 
others (1994)~ and Barker and Ardis (1996). . .. 

. . . . 

• u •• 

The TWDB isinth,e process of developing a GAM for the Edwards-Trinity (plateau) 
aquifer; Currently,generaI';head,boundati:;condi~ion~areused along thenprthwestern 
margin ofthemodeLto:represent downward leakage where -saturatedOgal1ahi Formation 
lies;abdve the Edwards':"TrinityaqiIifer. General~head boundaries are also used to 
repfe~~ntlatetal ii1n~wfrom the'Sbuthem Ogallala aquifetJo the Edwards-TTinity 
aqulfet:a:lo11gfhe :norll1western model boundary (Roberto:inaya, 'personal' 
co~tniic~tion,cQctober 2003).' .. , 

.<~'~~::. ;.">j~~~ / .~ . 



dra\vs, the margins of saltlalces, or the eastern escarpment. Lateral groundwater flow out 
of the model domain to thegreaterEdwards~Trjriity aquifer on the Edwards Plateau is 
not simulated. The first conceptual model of groundwater flow between the Southern 
OgalJala ilndEdwards-Trinity aquifers, called the "latera1Iy continuous" model, assumes 
that, within the existing Southern. Ogallala GAM domail1, the full thi cJrness of the 
Edwards-Trinity aquifer, where it exists, is already incorporated in the model. This 
approach is consistent with the base of aquifer contours and hydrogeologic cross sections 
presented by Knowles and others (1984), which indicate that the southernmost portion of 
the SouthemOgallala(HighPlains) aqlliier consists entirely of Cretaceous sediments. 

. " . 

The originally developed Southern OgaHaJa GAM is a single layer model with no leakage 
components to other aquifer units. The second conceptual mode) of groundwater flow, 
called theverticaJ-IeakagemodeI, assumes that, throughout most ofthe study area, 
saturated Ogallala sediments overlie the Edwards-Trinity aquifer, andwaterinthe 
Southem Ogallala .aquifer flows vertically downward into the Edwards-Trinity .aquifer. 
This conceptual model is consistent with thatappliedbyNativ (1988),Nativand 
Gutierrez (1988), and the current model under developmentby the TV{DB. 

Although not anadditiomil conceptual model per se, some model runs were also 
conducted whereevapotranspirationwasimplemented.in the modeL It was hypothesized 
thaf evapotranspirati on could bean additionalphysical'processneglected in the southern~~ 
portion ofthemodel thatledtosimulated hydraulicheadsthafaregreater than observed· 
values., 

MQdificationsfotbe Sonthern Og*ll.ala GAM 

TheJateraIly~ontinuousco!1c6ptual.lTIociel:WasilTIpl~lTIenteabY prescribing hydraulic 
hea?al?ngthFsouthl.':rnl:'9und~I)lofthe.SouthernOgall~la·(lAlvl •. gomain,Cflgure5-8) .. ln 
theumnodifie,q. ~Qc:lel, tpisboundary.wa§ treat~da$a~§~~()*bouQdary . bfcauseit· .. 
represe~ts±~~;trat1si#pI1;.:betwe~nJheSouthe,IJl .. Q~a.lla~~.and •.. :gdlYarc;l§-TriQ~f)~ .•• ~qYifers •. flnc;l. 
·~ec~usf.tq~ d~~eqt,j6l}O~rf&!9~~lgro~ndFa~rr~?~js.;.,;~p~ro~~~~te~)'H~r~~:!el:;yot~f 
bou!1daly(J31a~dford~rra6thers,f003).:C11ang~~g·~he;bo~nqarycoQditio~.fromno':f1o~; 
tOP5escribedhydraulicheadallows groundwatertoehherexit qrenteraqrQssjhe '. . .. 
soutrewbou~c;lar:y,d~Pfndingonthe prescribedbound.~ry.h7ac:l.vallles.anc:lthe si~ulat.ed 
hydrallJichea9y~lu.e§f1tiQt~rior]llodelcdls;Th.isflPBto~shiscQl,1~ist~Qt~i~11th~ ....•........ 

.. c01iceEi~aJlll.()2:1!~~ttl1~?,eHth ern 0 gaJ1aJa. aqtiif~~a.Qd[~he,i~d~ards2TriI{jtyag~iferafe 
ol1eancitheBaij1ealoI1gtheCsouthernboundary6ftBe'mo~~L .. . .. 
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cOllditiOl1.··(thT~lHpaskage.?fthe1\d QIJFLOW~o~e),.yvh~releaRage Qut .of or into the 
S8~tH~l11pg~)1~Jgl11()ggli~G8mr91Iedqy~)~~kag~ .. cQ.~.~~~~11.~e~.l1cl)he9iff~r~l1c~.h1the 
silJ1~}~t7dhX.qr~Nlich.~~?9~.astve~modelcflral1~ .•.•• · .. ~ •.• Br$s.~rj~7? .. ~¥dr~uliche~d.·.·· •• 
ass.oClt~t~a .• ~litRth~t·cen:·.' . .9ori~ep1UalIy,·lhepn~scf~b~clJ~~ad:repre~~n~s.ariestimate·ofthe 

. hY4rall1ic]lea~' iij:t~~.E~~a.!dS--Trinjty.~quife~'~WcB:i~.assulJ1~d,~o~~i~tbepe~th ......y .. 
sa1:Ura!ed9g~patkSfdilJ1ellts.Th~·R()nduct~l1C:~iis,eqH~I.10~~e,.~Te~;()~.!h~i1TIodeJc:l1#trIes 

.. tlleaverag~ .v~rticalpyarallIic . conductivitybemeenthetw()f1qllif~rtlnits; dhiidedbythe 
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Table 5-1: Comparison of caljbration statistics for Southem Ogallala GAM and 
modified models. 

Model 

Southern Ogallala GAM 

Run 1: Verticalleakage~ 

Run 2: Vertical leakage 3 

Run J: Vertical leakage" and 
evapotranspiration 

Run 4: Laterally.continuous 
" , 

Run '5: Laterally continuous and vertical 

RMSE 
MAE 
RME 

leakage 3 

-=Xoot-mean-squarederror 
= Mean-absolute error 
= Residucilmean error 

RMSE 
(ft) 

34 

~') 
,::>,~ 

34 

33 

34 

33 

MAE (ft) RME (ft) 
I 

26 -8 

24 -'5 

25 -7 

24 -6 

')-
-) -7 

25 -7 

JRMSE divided by the maximum difference in observed hydraulic head values 
2Prescribedhead setto is feetbelClw observed predevelopment hydraulic head 
3Prescribed>head setto15 feet below simulated predevelopment hydraulic head from 

% ,Error 1 

1.5 

1.4 

1.5 

1.4 

1.5 

1.4 

," Southern Ogallala GAM ", '. , ' 

models were checkedagainstthos~ ofobserv~d water levels, to confirm that the general 
fit to water level changes was maintained 'in the revised models. 

The calibration statistics for the Southern Ogallala GAM ,and the modified versions of the 
model~re presel1tedin J:able5;:1.Eorthe lateralIt contil1uous model runs,prescribed 
hydraulic head values along the' southern m'Ode1boun'dary (Figure 5':8) were obtained'· 
from'thepredevelopmentpoteritiorrietric surface map .in Blandford and others (2003); For 

, ,the vertical 1(;:akl;}ge;:l1104eLrnns~Jh~]Jrescr!bed :gel1~ral ;h~e~ 9s>ungaryw'l"~as,~urn~d,,toq~ 
15 feet belowthebottomofthe.saturated Ogallala sediments. and the conductance was 
assumed to be 92.93 feet'p6r day (ft/d), whichc'orrespondst;a vertical hydraulic 
'conductivitY'orO.ODOl ·ft/d:and a verticaJ .flow ,distance,of 30 feet. 

During the sensitivity analyses conducted,forb;ih.()[ thes~ pa;ameters, itwas obsen:e'd 
that thea~sumedJeak~nce generally'hadtobe increased to allow ,significant volumes of 

, water to • enter of Jeaveflleaquifer,' The presCribed heaClfortheleakanceboundary 'was 
applied:using two approacnes'.'Inthe first approach,the]Jrescrihed headwas assumed,to 
be·15 feet less than the,observed hydraulic head; In the second approach; the prescribed 
he'adwasassumedto be 15feetl.ess than.the simulated head from the Southern Og~Ilala 
GAM.'Thesecond~pproa6h wasusedto redo~esim1ilated inflows to themode11rom the, 
bbttom..thatoccurred .iu'.some regions,partially. as' an artifact of the simulated 
predevelopment hydraulic head field. " " 

, . -, ':- ;. ..' "';'. ;: '''.'' . <,': 
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Figure 5.,;9: 
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Simulatedversus observed hydraulic head for Southern Ogallala GAM. 

Whereeyapotranspir~tionwas,applied, an extinction depth of 10 feetwas u~ed with a 
maximum· evapotranspiration rate of 1 foot per year at the land surface. The assumed rate 
ofevapotranspiratiol1 is fairly low sethat hirgev61umesofwaterfhatcouldriot be 
verifi edby'Jiel~ .. ~,t.udies would not b~ re~oved· fWIll themo~.d. Sensitivity runs 
conduCted with:mgher maximumratesyielded similarresults. 

Th~,¢a!lbration:;~tatistiesforeaeh oftheT8dified simul~tion~,.~xcept Run4,improve4 
si~ificantlYQ~etllieo:igin~lgAM;~ruIl, 'e~pecially co~~ideriJ1¥that theadjusfP1entsto 
th~1r0d. lya,ff~~t1~.~.so~~~~mm.<?st:P8jms (lowest h~ciraulisheads).yvithintheoverall 
model d.. ..... ·~tte;:~~otsptQP~f(iYe~'V~f~ussimt11atrdhydnWlicR~.a,c1§.,f9f:«the,: 
Southern~all. .... A!1\I1.andf~dhelIlodified~odel(R~l1.J) arej)fovi~ed i?FiguI~s5""9 
an~5~.10;re§pec ... ~"e]Y;C:Rmp~rj~~noftheportionp~these •. plots.f?rtB~·~Yciraulic ~ea.ds 
les~·than~pout 2.:700.ft;,¥SLH~l1stratesthe·improyement inmoqeJ·.caplarati8gobtained' 
from}i.meJ11jng .. tl1~~~ak~g~ibopndary. ' 

--~-,{< 

Th¥11arg ...•.. i~pfl~~~~~1~i~tfi¥~~t~p ..• ·b~~een •.•• siffiul~~~ciarid9§sery~~. hyg~auflc'~eads 
w~E~:()Rtai ' .. i.,g;.Fllloug?;i~B!Eim~m~tj 611 pf the veliicaJ l~ak~~e •.. mop~1:iIJnpleme?~'ti,o~<.()f 
the la~~t~nyc6ntinuqMs'mp~rl t~~~l.lghth(; prc;!~.$ripti()n . ofl}~grau~~.~;1iead~.:~lon~~pe' ..•..• ): 
soutP~pp~o. ~aD'@icl.no.t,?{ie Id~jgnifi'??:mjm:proye;l11.entsi9:.!hemodeIs~librati on 
(Tabl '4' th~/~()mqi~~tion()f th~ .• ;Jt~ob .. 9'1.!!Ida~;:~ppr()l'l:~hes:l'l:.1so 
yielg yem~mjl!tije mode} C~HlJr~tigpstat~~tics (%?1?pareRuns2 andS i .. ··· . ....•. ..... ... . .......... . ..••• . ................................. : .... . ...... . 

j~~tion~.~gda~sumpt1Dns 'I.!~~qin. esam~~i~~th eboundary c~t1dition 
19:pot be',appropriatetpusetlie ·simulationres1.l1tSlis :quantitative: 
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Figure5-JO;. Simulated versus pbserved .hydraulichead for modified model that 
incorporatesvertiCa.1·leakage{Runl). 

. . 

. estil1Jates.ofgrou~dwaterflowth<ltoccursbetween the two aquifer systems. In addition, 
theh),draulicparameters (hydraulicconductivityandaquiferbottotl1elevatj~n)in the 
SPllth~fl}.Q~'tlIalaG-AJ'4.~rerepresentative oftheFIi~I.1.Pl~ins,~quifer, ~hich.in.sluqes 

.' both:th~.satuT'ate4Qgal1alaBedimel1tsana Cretaceoussedimenk in .at least the .. , . , 
southernmost porlism··ofthe study area. 

C()nclu~i9~·:r 

T~e;Eq~;~~iSTri~ityii~quif~r.i~lh)'dfhuli6ally~~~ect~dtosaturat~aOg~l1hlaP6nn~fion 
. sedirU~rts~it~inasix-countyiegjolfofthefar. Squthepi High P lains''YithiI1' this area 'it 
'~sd~~nd~ffi~?lt~8di~ting~i~hbemi.e~n .,rqtiiferunits~ecau?eq) .• t11eCr~ta~~ousAntl~r~· '. 
B~I18'is~~Inilaito)9ga~1~la:s~9imen!sin~gI'e.aranc~'~I1d.\2)'l:lsl1JoCf~h.hyqWlogi8;1!(.· .• ·.··.·; •....•...• ·.·· ...• · 
"tral1sition,ocS~rs~~rw~~n ~9uif~~s;Efoll1~ •• prs~joll.~ stH~ie§l1a~~.'co,I1 .. ~id:~~ed'$.pei~tU~~tedE 
Oganala.;<lnd'Qret<lSequ§s~Bim~irts.·a~.di~finc;t,.·aquifef.'llnit§,wh,ilegthers .. hayegrouped 
them::il1!Q.QP,1.~~HYif~~:Unjf •• ·caH~i:lJpelligh~Iairg;aqylferi ...............•.• , ....•. ' .... : .. : .... ,,'... .. <ii .,: .•.• " 

>~,,:,~' ,~~/,:'~-,~)'! :>l<:~f._'.~-<-':'<~ ;,,:-, 

A;~Sri~~;;:()f:mod~.~r9.~si~.~re· •.• ~ •. ~ve~?pe.ato •. ~"al~~te,~~te~atjv.e.·.~?~ceBttl~l.moEi~ls·.()f·the. 
e~£h~l1g~()t;'Watt{8~1;weel1 aquifer units·~he. simu I,gtiQj1?'W~~~'.~.~ndgctee.1·us~BgrnpqiDeci 
ver~ion.§.;of.tbe~gutljtTl1 .. 9g~g~I~ •• :.~~. ~p?ImuI.~!io~~j~E~C~!~d· ~ti.in1Bro~.tdD~'in ,," . 

. si~pla~i8nT~.Ru~f~'W~~12f~7.~?f:fha~~ppfwa.;er·.9st;X.ttpa.ll~fpt~tljts~'asie){pHfit]y: 
accoll11ied{<?i:,jJ~rtifllla~lfus~1g,a'ver6cal]eagage'qon . .~~lItiCidet~;wh~re~~ter.;f1ov.;s 
venicaE~·d8i"n'Y~rq .. ·tro~:saMrattdDgal1al~s$?imtnts·~tc~:.i~~~~/f1d~~rds~J~rjI1ity.... ... . •.....• 
aquifer;AltDRllgli:thes,irnulatignresultsbestrn<ltched.oQ.servedlj.ydralllicheaaswpe:t~the . 
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vertical leakage conceptual model was employed, the possibility remains that the laterally 
continuous conceptuaJ model may be appropriate for some regions within the study area. 
This opinion is based onreview of the documents cited previously anqthe observation 
th~t-.aquiferhottornelevationsu$edjn the Southern Ogallala GAM,deiivedfrom 
Knowles,;and others (1984), apparently include the saturated portion oftheCreUiceous 
AJltletSsand. Iffuis obserVation is correct, it is hypothesized that the component of 
~(mndwater. flow that enters th~ greater Edwards-Trinii)' aquifer ofthe :Edwards Plateau 
may he relatively small because fl ) regiona:1 groundwater f1 ow within saturated Ogallala 
and Cretaceous sediments generally parallels the approximate boundary between the two 
aquifer units, and (2) a portion of the water in the Antlers Band is discharged from wells 
andatspiingsthat occur (or used to occur) along the farsOlrtheastern portion of the 
caprockescarpment, along draws, and at the margins of salt lakes withinthe study area. 
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Chapter 6 

Cenozoic Pecos Alluvium Aquifer 
lane. Jones] 

Introduction 

The .Cenozoic Pecos AIlmiiumaquiferis located in the Pecos River valley of western 
Texas and southeastern New ,Mexico (Figure 6-1). This alluviumaguifer underlies parts 
of Crane, Ector,Loving, Pecos, Reeves, Upton, Ward, and Winkler counties and extends 
north into Eddy and Lea counties in New Mexico. 

TheCenozokPecosAlluvium occurs iuan arid region characterized by average annual 
precipitatibn ofl0to20'jncpes and average annual evaporationratesapproaching70 
inches (Boghici,1999). Thesec1imatic conditions play an important role in determining 
the amounto~Wctter available for recharge to theaquifer. Climate, togetherwithcrop. .' 
selection,also'play aroleindetenniningth~w~ter,dell1and for jrrigati?np~rnping .. In arid 
areasande~peciaJIyduringdrouglJtpE<riQds,irri gafion~puIllpiD gisi11creased to 
. compensate for the. absence of precipitation. ThG Cenozoic Pecos Al1uvium~quifer is of 
prima:ryirnportanceasa source··· of irrigation ;w:ater,.especialJy/inReeves andnorthwestem 
Pec9sEqllnti.§~(Ashvv0rthandJ30Jlkil1s"J 995;Tvv:p~\ 1997).Trrigati()npUIllPing. . . 
accoimts f'or~ppioxima!ely~5percentofwater~rithdrawaI fronltheaquifer.S0111e 
.groundV>'at~rfr(m1·.t~i~ctquiferis.aIsoexpor!rd to the Ci!yofOdrssa;l!x the Co lo~ado 
Rivrf l\{.ful}iciR.~J·''i!8;1rrf2i~gic!icr;vv:pB?1927)· Gr?m~pv,Tctt~re~tr~Rtiqp for1Fig;~tjon.·and 
mu~icigal ,~ses;h~p •• rr:~It~ple.eftrctS .. Ollthr .. C9nozoic PecosAlluviul11aquifrr i~clu?il1g. 
histqric;waterj~e~~lsdecli.nes .~~dprqgrepstYr.····cieterior8;ti9n ofgroundVlaterquali~'. These 
effects wi l1he<(iispussedinm ored etailJateritl thi spaper; , ... . .. . 

.C,;,:.':,::. _-::":':,., ",,:<;,';:"j'}>'-:'-:- ,- ,-: 

G~()logyi, ...•. · .. ~>< 

aI1uviu1l1,rU·c>J;~:hij~nli~.5POfeetthj(* Cfi~r~.{;}-~).Thisallt1v(uni· .. bI?ROI?fognctbl)' .•. ovrrljes . 
oj de(p:e11l1j~g'~fi~p~is,.anp· •• CJret~cr2u~. a&x:r9?lq; (Rjgufe6,73;jVV!1itT;r12}].~:~1!e:(i!/ . 
alluviumism9stJycol11Pos'edofuncons6JjdatedofPoorJy c.~rnent~dslEiy,sa:?d;·gr~veh 
an 8.'. c~lid~~(~~.jfe;::! 971) .N~.tthof the.;Pe?osRi:,er,thr.alluvi~1ll~s9~'erlai,1} .•. inpiacesby . 
windbl{)WRSEiPli.rif(;:gositedinduDes. This. windbJ own.saT1dwas.cieriv~d .ifro111 the 
Pleistoc;en~J%;la?~w~~erpr~wfo1]11atiqn, .. agc)lder, •. ex:tens.ty.se~liIl114~pqsitJhatcrops()ut 
eastofihe~!!!c1yarea(W:hite, 1.971' Muhs andHolIiday,200J). The sima dunes are .. 

t',,·, ',-.v"; 



Figure 6-1: 

y. 0 21' __ ..........,..---

The Cenozoic Pecos Alluvium aquifer is located along part of the Pecos 
,Ri1'er Val1,~yofTexas and~ew Mexico.Thisalluviumllquife~~nderlies 
parts of Crane, Ector, Loving; Pecos, Reeyes, Upton, Ward, and Winkler 
counties inTexas and Eddy and Lea ,countiesinNewMexico. 

COl1}posed offi~~ q~~liz st:H~;MPto '250 'f~ett~iek (G~r~~,flnd.· Wesselman, 1959tWhite, 
1971). Ihes~:~M~f1$are PO~~B1~fl.lly jmpol"ta~t:.~ites forIr2~~rge. du~torelatjveJ»,.:.l"liglj 
int:il!r~ti on. r~!,~~(ftgure~-41 .. Ih isis indi c~t.~? by. t~~:~ca~~iryofp~~e~~aloreB~~lneral 
strea111Bnorthofth~Pec6s.River because rapiq infiltration of precipitati~ninto the dune 
sandproduceflittle:runoff{ , " . , , ' ,', 

1'h~iCell0Z0j~:pecb~ ·AJ luvi~ma.guifer consi~ts····ofhX~.l1}~in· north-S<?llth:oriented .. b.~sin~ 
or troughs: the Pecos Troug~and the MonuIR::nt DraWJ:'[~Llgh (Fjgure~-5). The aquifer 
is cOl1}po?ed ,.Uuvialsedil1}enfsdepositedip twol1}ajorriepressjons~~ringth~., 
Cenozoic, warth, 1999),. These trou¥hs. f0fl'Iled due to subsjd99~ethatresu~t¢ri 
fromdisso '.i' ... T.llnderl»~ns; •. rraporitr$.(r~ck$alt;~~ydrite;an9g~B~PIR)' .es~e?i~lIY 
butnoF~xcl~sjveJYmth.:Salaao.~1]<:l.castilet~tm~~~pns (Figu~e.§-31~sh~pE!h,·1990). 
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Figure 6-2: 

Aquifer thickness (feet) 
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_ More than 1,500 

The Cenozoic Pecos Alluvium aquifer is composed of two main basins 
thatare more than 1,500 feet deepinplaces (based on data from USGS, 
2002). 

R§~r~geol~gy', 
,c"",,' , "'<' .. - . 

The CeriozdicP~ho~~'Alltivium .aqtiiferis uncorifined,although,clay ,bedsrnayproduce 
localartesian:.copditi(jns (Ashworth and Hopicins,J995). In some areas, perched aquifers 
occm/on clay beds located above the main water table' (BoghiCi, 1998; 1999). This 

, alluvlumaquifefoverlies,arld in some places is hyClrologicaIly cortnectedto,underlying 
aguifers:These aquifers:are: (l)thbEdwards-Trjriity (Plateau) aquifedn,Peqos and . . 
Reev~scounties; (2) th~Dockum Group',in Ward.and Winkler counties, (3) ,the Tertiary' 
vo I canies jnJ\.eeyep:.County', and (4) the Rustler aqijifer (AshworthandfIopklns, 1995). 
Well Yielcls'in'the'CeD'6z;ic. Pecos Alluvium'aqiiifer'are 'generallymoderat~tohigh " 
(AshwortJiand'Hopkins, J995). In thePecos River V:all~y, depths to groundwater are 10 

" tO~9f~~t incr~il~i1];~tQabollt 50 feet awayfr2Jl) the~ive[~?ghjQi,199~,; J9;/Q2~:Depths 
to groundwateraremuch ~eater in cones of depressIOn. ' . " ' 

",,' 

Recbarge toJhe;Cenozoi o:pecos Alluvium ;aquifer1akesthe Jgnn"ofii:rfiltration of . 
precipita6ol1"seepage from ephemeral streams.cross-fonnational floy.r,~nd ird gation 
return.;f] ow (Figure 6-6; Ashworth. 1990). Redhargeonly occurs after soil moisture.is· 
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Figure 6-6: 

PRECIPITATION STREAMS 

AQUIFER 

CRDSS·FORMATIONALFLOW 

IRRIGATION 
RETURN-FLOW 

Processes that contribute recharge lothe Cenozoic Pecos Alluvium 
aquifer.Precipitati on andinfiltrati on from perennial and ephem eral 
stream contribute fresh water while water from irrigation rettirn .. ,flow 
andcross .. Jormationalf1owfrom adjacent aquifer may be saline.-

1968; Ansley and others, 1998;_DugasandHicks, 1998; Gatewood and others, 1950; Van 
Hylpkama, 1970; Weeks and others, 1987; Devitt and qthers, 1997). 

" .,,"" ., . A~ .', .• ,,' " 'A' " . " v , .' A~ , 

- -

Ground~afeFflowifrtfieCenozoicPecos Al1~vium-aquifer generally convergesonthe
-Peces River, the main dischargezone,excf?,pt .where pumping forms cones;..of,:,depression 
(Boghici; W98;:1-999} This suggests thatthereis:l)o groundwaterfjow between the Pecos 
andIy1ql1um~ntJ?r~Vx trpughs.Consequently, it can becollcludedthatth6tw;troughs are 
separategroimdwater flow ·sYstems . 

• The CenozokPecos Allu;jum aquif~~h~sexperienced fiistori~~aier-l~ver(lecIjdesof 
- more than 200 feetinparfu of south~centraLReeves andI101ihwest Pecos cClunties(Figure 
'6':7). dneofthe results olthis water~leveldecline has beenTeducedbasef1qw to the,Pecm; 
Rivet .. N/at~r~l~y,?l va"ltati,?n~;;()ve:r tim:; intheaquifer have beeTl .. f1ssociatedwifhvarying 
intensi-ryofirrigati.gnpnmping (Ashworth and Hopkins~ 1995),'In-igatlon fannlllg" 
d6veJope9in Reeves and Pecos counties 'in the 1940s;lrrigatioI1:purilping peaked in the 
1960sandllasl:ieefl decIlriintFsince then(Fi gure 6-8;:TWDB, lQ97).Jn ReevesCoun-ry, 
thenurriberofJrrigation wells increased ten-fold,from 35 to.355, hetween1940 and 1950 
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Figure6-: 8: HistoricirrigatioIl pumping from the Cenozoic Pecos Alluvium aquifer 
in Reeves County and associated water-level decline and recovery. 

(Hood ;andKTIowles, 1952). Wafer 1 evels intheaquiferbave responded to changes in 
irrigation pumping rates (Figures 6-7 and 6-'8). Water levels declined sharply in late 
194013 and'early 1950sin response to the development of irrigation fanning and leveled 
offin the 1960s. These water-level decliriesresultedin'thefonnation orcanes of 
d~pressionin:cehtral Reevesandn(Jrtbem .Pecos.counties associated with large .areas .of 
irrigated famiing (Figure6-:7).WaterJevel~. began to recover.,inth~.mjd-,1,970sd~e to 
decreased irrigation pumping (Ashworth and Bopkins, 1995). In the main irrigated area~, 
water levels .also.exhibit.seasonalfluctuations related to seasonal irrigation ,cycles 
(Ashworth, IP90).Groundwaterlevels decline during sUmnwr rt1onth~whenirrigatjon 

. demandisgreatestandrecover'slightly during Jhe winter.W~ter",le,veJ .declines.have.heen 
greate$t:inJhe major irrigation areas of'Reeves andnorlhem Pecoq.counties:where tyyo, 
major cones of depressionhavt;l,fo$edin irrigated areas in c,t;ntralReeves Couniy aljd 
theCQyanosairrigationareaofReeves and ~ecoscou:rifies {Figure 6,:7; BQghiCi, 1998; . 
1999). Irrigation pumping has been less intense in th6MonumenfDrawTrough than the' 

,Pecos,Trough.Therefore, water":leveLdecline impacts havebeen minor north ofth; Pecos 
River (Ashw?rtp, 1990). ' . '.' .,.. .' " 

Currentwat~r levels inthe C~~ozoi,:Pecos Alluviumaguiferiddi~ate slight recovery in 
parts 6fReeveS Countytllat werepievious]yheavily impacted"'by'iriigation pumping 
However, continued water':leveldec1ine has~een .observed in other parts'ofthe aquifer 
(Figure 6':7),DecIiningyvater levels are evident in northem>PecosCounty and centrai 

. -~ '/' . '". . ." . " " - , 
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Figure 6-9: Cenozoic Pecos Alluvium "aquifer groundwatersalinity. Groundwater· 
salinity tends to be; ,greater.;alo~gand south ofthePecos River. The 
lowestsalhiityis.assoCiatedwith.the.sand dunes in the.eastern·part of the 
~~ ..... . 

",' . '~;.:.' ':'~~'.<. ". _.;:::;,,;"'<""'~:' '~'.. ~. ·~;:G\.0t·." '·'-.>:·0,j,\~(" ::"> -:-:.," ... ~,>,y::";~,,, . '." ", .' ~".~" v .. ,.; ... .i,.,:, .. 

WardCounty(Figtire6~7).Unlikethe watei~leyeldeclines in Reeves and Pecos counties 
that are attributable tocontinuedirrigatjon~ thewater~ level declines in W ardCouTlty ,are 
assoc:i~t~4.witb+1?9J.11piI!gr~1.~teq:~g:pup!!~.suppl)~~m~~.q~~~rial,:?es (Bogh19i~; 1998; 
195i9)::~·~;··. ..'%~"'<;' ...... ~>.... ......• ":: •..• c •. ,:. >"'>.; .... : •• <:\::7"':..'::' .' .' ...... ' .. '.,.~<;i;\; ;" 
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Figure 6-11': ' ';Groundwatersalinity in the Cenozoic Pecos Alluvium.aquiferis highest 
inshallowweIl~and.Telatively uTlifonTlat depths greater than 300 feet. 



Figure 6:.12: 

Figure 6-J3: 

ANDREWS 

The main irrigated farmland areasover!yingtheCenozoicPecos 
Alluvill111 aquifer .... 

Declining· water] eveisare.a~c()mpanied byincreasi~g gr()undwater 
sali:qity in partsofcentralWal'd County. ... . .. 
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, . . 

Locally; saline groundwater occursduetbcontamination by oil .. ;field brine, especially in 
Winkler.:andLovingcollnties (Ashworth, 1990), Most of thiscontarriination is related to 
pastdisposaLoflargequantitiesof biineinrinlined pits or from immoperlycased oil 
wells, (Ash'Y0rth, 1999). Brinecontamil1ationis tneJikely explanation for the occurrence 
of brine in the Monument Draw Trough (Figures 6-9:'and 6-11). 

'" . 

Conclusions 
. . 
.' . 

The Cenozoic Pecos Alluvium aquifer is located in the Pecos llivervalley of western 
Texas :ll1dsoutheastemNew Mexico.' This aquifer is. composed of unconsolidated to 
poody.cemerited alluvium, caliche, and windblown sand. TheCenoz61cPecos Alluvium 
aquifer is an unconfined aquifer in hydrologiC cormection with many adjacent aquifers. 
Recharge takes the form of infiltration ofprecipitation,wat~r fro.mephemeral streams, 
cross-foimationaI flow from adjacenfaquifers, and irrigation~retUrnflow.There is 
potential fo~ higherrecharge rates in the MonumentDraWTrough.Dischargefrom the 
Cenozoic Pecos Alluviuinaquifer takes the form of basefl ow to the Pecos River and 

.. evapotranspiration;adjacent totheTjver .. Historic:\¥~ter~level fluctuations observed in the 
Cenozoic .PecosAlluviumaquif\?rareinrespol1seto irrigation, municipal,·and. industrial 
pumping; Water quality intheCenozoic.PecosA.lluvium aquifer vari.es from, fresh to very' 
saline with local brine occurrence. W aterqua1ityis generally better in the Monument 
Drllv/Trough~ Themostsaline groundwater is:foundinshallow wells; Groundwater 
s~liiii~~i.rl the Cel1o:wicPecos Alluviumaqtiiferresults from,naturalandaniliropogenic 
pro8ei~einiidIudirig cross4orrmifibnaI'flow, evapfmitionwhere the water:table . . .. , 
,apprbaches land 'Surface; irrigatiori~ pumping, and oiI..;field brine contamination~ The 
Ceno:z;oicp'ecos iJ]iiviumaquif~rgrouridwaterdisplays' geochemicarevid~nce,of ; 

:'·.antfu.6J;qgeiiiQ.~i111pru;tS()nwatenguaJ.i~'based:ohxelationships,'between,the:ocQurrence of' 
saline.gr()llnd,,¥~te,rfll1d Jllnduseoriaier-l~"yeldec!fu.e. Sa~ine.groundwat~rcanhe. .' 
attributed±o·iITigatiOIl.refurn.;flow and 'Qil-~eld brinecontaminationwheu:iassociated with . 

. irdgateg@,~9l!lana;a~d;.:c5il'ftelds, :respecti"~lf~Grollt1~waten~aIini1Ydue:iq~nh~nced ..' 
.... cross~formationaJ flow·that is ther.e~u It. of'pY!nP!ng:isassQc'iflted . with;~el:!~;;<i:f:rListoric 
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ABSTRACT 

A regional ground-water study of the High PI~ins aquifer was initiated in 1978 by the Texas 
Department of Water Resources. The study, partially funded by the U.S. Geological Survey, is to 
be included in that agency's eight-state study of the High Plains aquifer. Two primary purposes of 
the study were to improve the data base describing the aquifer and to develop a computer model 
capable of predicting future conditions. The High Plains of Texas covers about 35,000 square 
miles (91,000 km2) and includes all or parts of 46 counties. The High Plains aquifer consists 
primarily of the Ogallala Formation, and includes all water-bearing units, mainly Cretaceous and 
Triassic sediments, with which it is in hydraulic continuity. 

Approximately 14,000 data pOints were used to construct a detailed altitude to base of High 
Plains aquifer map. Water levels in over 3,800 wells were measured to provide a detailed 1980 
water-level map. The comprehensive nature of these two maps provided a more accurate 
saturated thickness map than had previously been attained. Maps depicting specific yield and 
permeability were constructed based on lithologic descriptions and the values derived were used 
in the digital model. The High Plains aquifer was determined to have an average specific yield of 
16 percent and an average permeability of 400 gallons per day per square foot [16,300(l/d)lm2]. 
An average annual natural recharge rate of 0.2 inch (0.5 cm), or 371,910 acre-feet (457 hm3), was 
applied to the entire aquifer. 

A two-part digital model of the aquifer was constructed and calibrated for the period 1960 
through 1980. In 1980, the aquifer contained 420.58 million acre-feet (519,000 hm3) of water, 
91.5 percent recoverable. The model was applied to predict the future conditions of the aquifer, 
with several runs made while varying the degree to which management practices reduce irriga
tion application rates. The following is a comparison between a model run with the largest 
reduction in application rates, showing improved management practices in force, and a run 
without a reduction of application rates. 

For the year 2000, results of the model application which used reduced application rates are 
as follows: 363.46 million acre-feet (448,000 hm3) of water in storage, 2.348 million acre-feet 
(2,900 hm3) of annual net withdrawals, and 4.249 million acres (17,200 km2) under irrigation. 
These values represent reductions from 1980 levels of 13.6,50.4, and 7.4 percent, respectively. 
The year 2000 results of the model application that did not use reduced irrigation rates are 341.66 
million acre-feet (421,000 hm3) of water in storage, 3.913 million acre-feet (4,820 hm3) of net 
withdrawals, and 3.940 million acres (15,900 km2) under irrigation. The corresponding reduc
tions from 1980 levels are 18:7, 17.4, and 14.1 percent, respectively. 

Fcr the year 2030, results of the model application which used reduced application rates are 
as follows: 310.66 million acre-feet (383,000 hm3) of water in .storage, 2.097 million acre-feet 
(2,590 hm3) of annual net withdrawals, and 3.803 million acres (15,400 km2) under irrigation. 
These values represent reductions from 1980 levels of 26.1;55.7, and 17.1 percent, respectively. 
The results for the year 2030 of the model application that did not reduce application rates are 
259.89 million acre-feet (320,000 hm3) of water in storage, 2.385 million acre-feet (2,940 hm3) of 
annual net ,withdrawals, and 2.628 million acres (10,600 km2) un~er irrigation. The correspond
ing reductions from 1980 levels are 38.2, 49.6, and 42.7 percent, respectively. 
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EvALUATING THE GROUND-WATER RESOURCES 

OF THE HIGH PLAINS OF TEXAS 

INTRODUCTION 

Purpose and Scope 

The Texas Department of Water Resources initiated a regional ground-water study of the 
High Plains aquifer in August 1978. The study was conducted by the Department with assistance 
from the High Plains water districts and Texas Tech University and was partially funded by the 
U.S. Geological Survey. The study was in support of the Geological Survey's eight-state study of 
the High Plains aquifer. The purposes of the Department's study were to improve the data base 
describing the aquifer; to better describe the occurrence, operation, and use ofthe aquifer; and to 
develop a computer model of the aquifer. 

The scope of the project included the following activities: (1) research files and published 
reports to obtain data related to the aquifer; (2) construct detailed maps depicting the elevation of 
the base 01 High Plains aquifer; (3) measure depth to water in wells currently in the water-level 
observation network and in wells which were added to the network to provide adequate coverage; 
(4) obtain data related to specific yield, permeability, and current ground-water pumpage; (5) 
construct lithofacies maps of the Ogallala Formation south of the Canadian River; (6) construct 
1980 water-level and saturated thickness maps based on the intensive water-level measuring 
effort and on the detailed base of aquifer maps; and (7) construct and calibrate a computer model 
with the capability of predicting future water levels and saturated thicknesses based on the 
physical parameters describing the aquifer and on future levels of pumpage. 

This report is prepared in four volumes. Volume 1 contains interpretive information pre
sented as text and related tables and regional figures. Volumes 2 through 4 contain supporting 
basic data including records of wells and county maps depicting well locations, elevation of base 
of aquifer, elevation of water levels in 1980, and saturated thicknesses in 1980. The areas 
covered in Volumes 2 through 4 are shown on Figure 1. They are: 

Volume 2. Approximately the northern third of the study area, to include Armstrong, 
Carson, Dallam, Donley, Gray, Hansford, Hartley, Hemphill, HutChinson, lips
comb, Moore, Ochiltree, Potter, Roberts, Sherman, and Wheeler Counties. 

Volume 3. Approximately the middle third of the st~dy area, to include Bailey, Briscoe, 
Castro, Crosby, Deaf Smith, Dickens, Floyd, Hale, Lamb, Motley, Oldham, 
Parmer, Randall, and Swisher Counties. 

Volume 4. Approximately the southern third of the study area, to include Andrews, 
Borden, Cochran, Dawson, Ector, Gaines, Garza, Glasscock, Hockley, Howard, 
Lubbock, Lynn, Martin, Midland, Terry, and Yoakum Counties. 
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Four additional reports were published during the course of this study. The reports discuss 
results of test hole drilling (Ashworth, 1980), results of surface electrical resistivity surveys 
(Muller, 1980), results of neutron-probe measurements (Klemt, 1981) and program documenta
tion and user's manual for GWSIM-1I1 computer program (Knowles, 1981). 

Description of Project Area 

The High Plains of Texas is the southernmost extension of the Great Plains physiographic 
province of North America which extends from the southern Texas Panhandle northward into 

South Dakota and includes parts of Colorado, Kansas, Nebraska, New Mexico, Oklahoma, and 
Wyoming. The High Plains of Texas covers about 35,000 square miles (91 JOOO km2), and includes 

the Canadian River basin and the upper parts of the Red, Brazos, and Colorado River basins within 
the state. The study area, which averages about 300 miles (480 km) from north to south, and 
about 120 miles (190 km) from east to west, includes all or parts of Andrews, Armstrong, Bailey, 

ard, Hutchinson, Lamb, Lipscomb, Lubbock, Lynn, Martin, Midland, Moore, Motley, Ochiltree, 
Oldham, Parmer, Potter, Randall, Roberts, Sherman, Swisher, Terry, Wheeler, and Yoakum 
Counties. The extent of the High Plains aquifer study is shown in Figure 1. 

The Texas High Plains is essentially a flat plateau. A remarkable characteristic of the region is 
the great number of shallow depressions, or playas, which dot its surface. During periods of 
rainfall the playas accumulate drainage from local watershed areas ranging in size from less than 
one square mile to several square miles. Only a very small portion of the rainfall drains into the 
streams which traverse the plateau. 

The Ogallala Formation of late Miocene to Pliocene age unconformaoJyoverlies Cretaceous, 
Jurassic, Triassic, and Permian rocks and consists primarily of sand, silt, clay, and gravel derived 
from the southern Rocky Mountains to the west. The Ogallala is the major water-bearing unit of 
the High Plains of Texas. Hydraulic continuity occurs between the Ogallala Formation and both 
the underlying Cretaceous, Jurassic, and Triassic rocks in many areas of the High Plains, and the 
Quaternary deposits, where .present. Therefore, for the purpose of this study, the High Plains 
aquifer will be considered to consist of the saturated sediments of the Ogallala Formation and 
those geologic units which contain potable water and are in hydraulic continuity with the 
Ogallala. 

Pleistocene and recent soils form a thin mantle over the Ogallala Formation. Caliche hori

zons, at depths ranging from 1 to 6 feet (0.30 to 1.80 m), underlie the top and subsoil zones over 
most of the Texas High Plains. These caliche zones are generally 1 to 2 feet (0.30 to 0.60 m) thick 

and grade downward into the lower Pleistocene subsoils or into hard indurated caliche layers 
(caprock) at the top of the Ogal\ala. The caprock in many cases separates the Pleistocene 
sediments from the Ogallala Formation. The topsoils consist of three major textural types: (a)fine 
sandy and silty loams, (b) clay and clay loams, and (c) fine sandy loams. 

The High Plains consists of about 22 million treeless acres (91,000 km2). A large part of this 
area is used for irrigation farming; the region is noted for its production of cotton, grain sorghums, 

and wheat. 
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Figure 1 

o 10 20 30 40 50 60 70 Miles 
e-

o 10 30 50 70 Kilometers r-__ ~ 

Extent of the High Plains Aquifer In Texas 

and Index to Volumes 2, 3, and 4 

- 3 - 09 014 



About one-half of the High Plains remains in grassland. Buffalo grass and Blue Grama are 
found on the clay and clay loam soils. On the sandy loam soils Little Bluestem, Western Wheat, 
Indian, Switch, and Sand Reed grasses are found. In other areas, the deep sands support thick 
growths of Shinoak and Sand Sagebrush. Mesquite and Yucca are examples of invading brushy 
plants. 

Climate 

The climate in the Texas High Plains is semiarid, and the mean annual precipitation over the 
area ranges from about 14 to 23 inches (36 to 58 cm). Rainfall is usually relatively light during the 
winter months, increasing during the spring and usually peaking in May. The average May 
precipitation' is about three times the normal precipitation for a winter month. Average monthly 
precipitation reaches a second peak in September, with slightly less precipitation than the May 
peak. Snowfall is an important source of moisture in the winter months. 

Evaporation is greatest during the summer months. In Lubbock County, the average annual 
evaporation potential for an open-water surface is about 3112 times the average annual 
precipitation. 

The mean annual temperature for the High Plains is about 59 degrees Fahrenheit (15 oC). The 
average difference between summer and winter temperatures is on the order of 40 degrees 
Fahrenheit (22oC). The length .of the growing season (frost free period) varies from year to year 
but on the average is about 200 days. 

Method of Investigation 

The map showing the elevation of the base of the High Plains aquifer was constructed using 
drillers' logs and geophysical logs of water wells which completely penetrated the aquifer. For 
most of the study area, one data point per 2 square miles (5 km2) was used. Where this density 
could not be attained with existing well logs, other data, were utilized in an attempt to provide 
coverage. This supplemental work included (1) drilling test holes, (2) plotting surface contacts of 
the formation's outcrop, (3) geophysical logging of wells suspected of penetrating the base but for 
which drillers' logs were not available, and (4) utilizing geophysical logs of oiL and gas test wells. 
The base map is a State of Texas Highway map and the lines representing the elevation of the base 
of the aquifer were drawn using a contour interval of 20 feet (6 m). A location map and a tabulation 

of all wells and data points used in the study were made and included in the study . Approximately 
14,000 data points are includeo in the tabulation; howe:ver, thousands of supplemental points 
were also used in the base construction. The cooperating ground-water conservation districts 
developed the base of aqUifer map, well-location map, and tabulation of all data used within their 
respective areas. 

Water-level elevation maps for the years 1960, 1965, 1970, 1975, and 1980 were con
structed utilizing measurements made from water-level observation wells in the High Plains area. 
The network presently contains over 3,800 wells, representing an average density of one well per 
9 square miles (23 km2). The coverage, however, is not uniform. The water-level measurements 
are usually taken during the winter months to minimize the effect of pumpage. The regional maps 
for 1960 through 1980 were prepared by Department personnel. Detailed county maps for 1980 
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were prepared by Department personnel except for those prepared by district personnel for areas 
within their respective boundaries. The districts also provided tabulations of data used in the 
construction of their portions of the maps. 

The ability of an aquifer to yield water to wells is dependent on saturated thickness. Saturated 

thickness equals the interval between the water table and the base of the aquifer. The Depart
ment, with the aid of the districts, developed 1980 saturated thickness maps based on detailed 
base of High Plains aquifer maps and the winter 1979-80 altitude of water-level maps. The maps 
were used to identify areas containing sufficient amounts of water to support irrigation in the 

future. 

Hydraulic parameters studied were specific yield and permeability. Since the Ogallala in 
Texas is a water-table aquifer which is being mined, specific yield will govern its useful life. 
Specific yield varies from one area to the next and also from one vertical interval to the next. The 
Department employed a varied approach to determine the distributions of specific yield and 

permeability. A weighted mean specific yield and permeability value was assigned to selected 
wells by examining the vertical distribution of t;lifferent lithologic types in the saturated zone as 
described on drillers' logs and assigning average specific yield and permeability values to each 
type-layer. Regional maps of specific yield and permeability were then constructed using an 
average data point density of one per model cell (about 9 square miles or 23 kmZ). Values derived 
from these regional maps were incorporated into a digital model from which computer-generated 
maps for specific yield and permeability were created (see section on. the "Results of Model 
Operation"). Other approaches used to support the specific yield and permeability map construc
tion included lithofacies mapping, test-hole drilling, laboratory testing, electrical resistivity 

soundings, geophysical logging, literature research, and computer modeling. 

New regional lithofacies maps of the southern portion of the Ogallala Formation were 
prepared by personnel of Texas Tech University under the supervision of Dr. C. C. Reeves, Jr. The 
maps indicate distribution of sand, clay, and gravel in the Ogallala Formation. A map describing 
the distribution of basal Ogallala gravel zones was also produced. All field-determined specific 
yield and permeability values are representative of only a relatively small area. Since specific yield 
and permeability are affected by lithology, the lithofacies maps were developed to better estimate. 
regional trends. 

Forty-one test holes were drilled to aid in determining the hydraulic characteristics of the 
aquifer. This was accomplished during drilling operations by collecting undisturbed formation 
samples from different depths within the aquifer using the Shelby tube or Christensen core 

barrel. The cores were analyzed to determine porosity, vertical and horizontal permeabilities, 
specific yield, and grain size distribution. The holes also provided additional data utilized in 
preparing the base of aquifer map. 

Electrical resistivity soundings were conducted to determine any variations in lithology 
between test holes and to attempt to correlate these soundings to porosity and specific yield 
values obtained through laboratory analysis of the cores retrieved from nearby test holes. The 
soundings were also used to determine variations in lithology where neutron soil moisture 
studies were conducted in an effort to better define the natural recharge and irrigation recircula
tion to the aquifer. 
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For the electrical subsurface investigation, the "Barnes Layer Method," which uses the 
Wenner array, was employed for the selection of electrode spacing to electrically evaluate the 
water-bearing zones of the aquifer. Following proper site selection, field procedures used in 
conducting the surface electrical resistivity surveys included selecting the proper electrode 
spacing, conducting actual soundings, and plotting the field VES (verticai electrical sounding) 

curve. Field data on apparent resistivity were interpreted by utilization of computer programs. 
Qualitative variations in hydrologic properties such as permeability and specific yield are shown 
in terms of the aquifer's apparent formation factor and computer-calculated resistivity. 

Neutron soil moisture surveys were conducted in an attempt to determine the amount of 
natural recharge and irrigation recirculation to the aquifer. Twenty-two widely separated sites 

were established in carefully selected locations throughout the study area. Considerations for site 

selection included soil type, method of irrigation, and subsurface structure. At least two boreholes 
were installed at each site, the first to measure moisture in an irrigated, cultivated field and the 

second to measure moisture in a nonirrigated field. The boreholes were cased with 2-inch (5-cm) 

diameter aluminum tubing, sealed at the bottom to exclude moisture. The boreholes were 
constructed approximately 30 feet (9 m)deep to monitor the movement of moisture below the root 

zone and zone of evaporation. It was assumed that moisture passing below this depth reaches the 
water table, Weekly measurements were taken with the neutron moisture tools. These measure
ments were recorded in the form of a log which registered any moisture build-up, A recording rain 

gage was also installed at each site to measure precipitation, and the amount of water applied for 

irrigation was obtained by monitoring the nearby wells being pumped. By monitoring the move-

surface to determine the proportional 

recirculation. 

irrigation water that becomes recharge and 

The High Plains Undergro.und Water Conservation District No. 1 and the North Plains Ground 

Water Conservation District No. 2 serviced 17 of the sites using their equipment while the 
Department monitored the remaining 5 sites. Site monitoring began in November 1978 and 
continued for 12 months. This period generally corresponds to crop year 1979. 

The construction of the digital model utilized data developed from this study and other 

investigations, The model used the finite difference technique to simulate water levels. The model 
was calibrated by reproducing water-Ievei changes during the period 1960 through 1980, The 
model calculated water-level changes based on predicted pumpage through the year 2030. The 
pumpage prediction procedure accounts for reduced water availability due to dewatering of the 

aquifer. 
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Klemt. Contributing authors include John B. Ashworth, Celeste Zouzalik, Bernard Baker, Howard 
Taylor, and Daniel A. Muller, geologists with the Texas Department of Water Resources. Mr. 
Klemt served as co-principal investigator fC?r the first part of the study. Also assisting in the 
completion of this study were personnel of the High Plains Underground Water Conservation 
District No.1 (A. Wayne Wyatt, Manager; Don Smith and Don McReynolds, geologists), the North 
Plains Ground Water Conservation District No.2 (J. W. Buchanan, former Manager; Orval Allen, 
Manager; Mike Crawford, geologist), the Panhandle Ground Water Conservation District No.3 
(Felix Ryals, former Manager; Richard Bowers, Manager), and the Department's Data and Engi
neering Services Division. The study was conducted under the general supervision of C. R. 
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Metric Conversions 

For those readers interested in using the International System (51) of Units, the metric 
equivalents of English units of measurements are given in parantheses in the text. The English 
units used in this report may be converte~Jo metric units by the following conversion factors: 

From English 
units 

inches (in) 

feet (ft) 

miles (mi) 

acres 

square miles (mj2) 

gallons per minute (gal/min) 

acre-feet 

Multiply 
by 

2.540 

.3048 

1.609 

.4047 

.004047 

2.590 

.06309 

.001233 

- 7 -

To obtain 
metric units 

centimeters (em) 

meters (m) 

kilometers (km) 

square hectometers (hm2) 

square kilometers (km2) 

square kilometers (km2) 

liters per second (lis) 

cubic hectometers (hm3) 
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From English 
units 

feet per mile (ft/mi) 

gallons per day per foot 
[(gall d)/ft] 

gallons per day 
per square foot [(gal/d)/ft2] 

Multiply 
by 

0.189 

12.418 

40.74 

To obtain 
metric units 

meters per kilometer (m/km) 

liters per day per meter 
((l/d}/mJ 

liters per day 
per square meter [(l/d)/m2] 

To convert degrees Fahrenheit {OF} to degrees Celsius rOC) use the following formula: 

°C = (OF-32)(O.556) 

STRATIGRAPHY OF THE OGALLALA AND ASSOCIATED 
WATER-BEARING FORMATIONS 

Pre-Ogallala Rocks 

Triassic System 

The Dockum Group of Triassic age was named in 1890 by Cummins for the community of 
Dockum in Dickens County, Texas (Sellards and others, 1932, p. 242). Dockum and underlying 
Permian strata are red, but are readily differentiated by contrasting depositional environments. In 
some areas, Permian and Triassic strata are separated by an unconformity. Elsewhere, sedimen
tation was probably continuous from Permian into Triassic time (McGowen and others, 1979, 
p. 3), resulting in a gradational contact. Dockum beds are overlain unconformably by strata of 
Tertiary, Cretaceous, or Jurassic age and are exposed at the surface along the High Plains 
escarpment, in the "breaks", and in outcrops of small areal extent. Table 1 shows the stratigra
phic relationship of these systems. The regional dip of Triassic strata is towards the center of the 
Southern High Plains. As uplifting occurred to the west, the basin was tilted to the southeast 
(Fink, 1963, p. 7). 

The Triassic strata portrayed on Figure 2, showing the geologic units underlying the Ogallala 
Formation, represents the limit of preserved Triassic jn the High Plains. A substantial outlier of 
Dockum not shown on Figure 2 exists to the east of this limit in the Northern High Plains (McKee 
and others, 1959, PI. 4); it provides up to 135 feet (41 m) of water-bearing strata to irrigation wells 
in portions of Hansford, Hutchinson, Moore, and Sherman Counties and is included in the High 
Plains aquifer. 

The Dockum Group can be subdivided into two or three formations depending on the location 
within the High Plains and on the authors of the many publications treating the Triassic rocks in 
this area. Fink (1963, p. 7) subdivides the Dockum in the northern part ofthe Southern High Plains 
into three formations. A basal member, the Tecovas Formation, consists of variegated shales and 
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Table~1.--GEiologic Units and Their Water-Bearing Characteristics 

" 

Approximate 
Formalion maximum Physical characler of rocks Weler',bearing ehereeleriltie" 

,thlckne •• (ftl 

Alluvium. eolian Windblown sarid and silt. fluvial floodplain deposits. andsiltandclav Yields small amounts of waler \0 wells, 
and lacustrine dep~slts 

150 plav.,iilke deposits,' , . ' 

Tan. y",lt"w. Rnd rl!tidlstH"own. sIlty to coarse·grained sand mixed, Yields moderate to large amounts 01 weter to wens, The 
Ogallala 900 or ahernaling with yellow 10 red silty clav and variable sizei;! gravel. principal aquiler in Iha study area with vields of soma 

Calie!')e layars Ilomm,on near ,surface, ' wells in excesif;>1 1..000 gall min: 

Graneros Shale 45 Dark.grayshal.: Not known to yield,water to wells. 

tiln to yallowigh:brown. fine to medium.grained. thin to massive· 
Dakote Sandsto,ne 190 

Yields as much'as i50 gal/min to irrigation, wells in ihe 
bedded sandstone with interbedded gray ghale, northwest part..,f Dallam Cou,ilty, 

.~..,.> ' 

Uppe,;"embe. "dar1<.gr~jr shale, lower member 11 massive. buff to 
,< 

Purgatoire 100 
Yields as much as 500 gal/min to'irrigation wells in the 

white, fine to cO,arse·grained.,POOlly camented sandstone. ~orthwest part ,of Dallam County. 
.: 

'Duck Creek 35 
Yellow, sandy stiale' and lhln grav to vellowish·brown. argillaceous Not known to yield water to wells, 
limestone beds: ; 

; cc<) 
" 

Thinlv iaminated. sometimes sandy. grav to yellowlsh·brown shale Yields small amounts of water locally to wells. 

Kiamichi 100 with interbeds ~f thin. grav. argillaceous limestone and thin. vellow 

; sandstone. 

Edwards limestone. 40 
light·graV to yellowlsh.grav.thick bedded to massive. line to coarse· locally yields moderate to .Yields small amounts of 

, 
grained limestone, large amounts of water to water 10 walls. 

wells from fractures and 

Comanche Peak light.gray to yellowish-brown. irregularlv bedded, argillaceous crevices. Yields small amounts of 

Limestone 
55 limeslone and Ihln interbeds of "lIht-graV shale, weter to wells. 

>'. light·grav to veil~wish.brown. fine 10 medium-grained. argillaceous Not known to ylald water to walls. 

Walnut 25 sandst,cme: thin: bedded. graY,to grayish. yellow. calcareou,s shala; 
and llliht·grav 10 gravish-vello~. argillaceous limestone. 

Whita. grey. vellowish·brown to purpla. line to coarse.·grained. Yields small to moderele amounts of walertowells in the 

Antlers 125 argillacaous, loosely cemented sand, sandstone. and conglomarate" southern Quarter 01 the studv area. 

withinte,beds oi sillslon~ and, clay. 

Grayish'green 10 reel shale; while 10 brown. line to coarse·grained Yields small amounts of water to livestock walls in north· 

Morrison 550 sandstone; some clay. conglomerate. and limestone; brown·silt central Dallam County. 

member at base, 

Eiteler Sandslone 50 White 10 brown, massive. fine 10 medium·grained sandstone. Yields as much 85 20 gai/min 10 wells, 

Upper·unit. Trujillo" Fo,malion. varicolored> siltstone. claystone. Yields small to moderate amounts 01 waler to wei is, 

conglomerate. line'grain!!d sandstone. an~d limestone: lower Water Qualitv variable with slratigraphic position and 

Undivided 2.000 unlt.:reeovas ~ormatiori<." v~rieolor9d. fine to medium'grained deplh, 

sandstone' with some claystone and Interbedded shale, I,neludas 
units equivalent to Chinle For!1'ation and Santa Rosa Sandstone. 

,-
1.000+ 

Very ,rrie 10 fine'gralned. red "sandstone erit! shale; white to brown Yields small amounts 01 water iowells near, the outcrop. 

Undivided 9Vpsu~. anhydrita. and dolomite. Water quality generally slightly saline, 



clays, sometimes sandy or silty. Colors and predominately maroon, reddish brown, blue, yellow, 
and white. In localized areas, the Tecovas also contains fine-grained sandstone and conglomerate 
lenses. Tecovas beds are up to 200 feet (60 m) thick and are not known to yield water to wells. 
Occupying the middle unit is the Santa Rosa Sandstone, the major water-bearing unit of the 
Triassic in this area. Beds may exceed 200 feet (60 m) in thickness and consist of gray, tan, white, 
and brown, fine- to coarse-grained, crossbedded sandstone and conglomerate with interbedded 
red, blue, and gray shale and clay. Petrified wood and mica are common with local areas of 
mudstone and siltstone. The upper unit is the Chinle Formation and consists of up to 600 feet (180 

m) of red, blue, and reddish brown clays and shales. Thin beds of micaceous sandstone, conglom
erate, and sandy green clays occur !ocally. Sand zones rarely exceed 30 feet (9 m) and yield small 
quantities of water to domestic and livestock wells. 

Matthews' (1969, p. 24) guidebook on the geologic story of Palo Duro Canyon labels the 

Triassic deposits as the Trujillo Formation, consisting primarily of fine-grained and massive
bedded sandstones. The basal sandstone is gray to greenish gray and contains channel deposits 
of coarse sand and an abundance of mica. The middle portion consists of red, maroon, and gray 
shales overlain by a coarse-grained, cross-bedded sandstone. An upper unit of red and green 
shale tops the section. The Trujillo is the approximate equivalent to the Santa Rosa as described 

by Fink (1963). 

Hart and others (1976, p. 17) divide the Dockum Group in the Oklahoma Panhandle into an 

upper and lower sandstone. The lower unit consists mostly of varicolored, fine- to medium
grained sandstone with some clay and interbedded shale. Sufficient quantities of water are 
available from this unit for irrigation purposes in some areas. Usually the aquifer is used to 
supplement more productive aquifers that overlie the Dockum. The upper unit of the Dockum is 

composed mainly of red and green shale with occasional thinly bedded, fine-grained, pink to red 
shaly sandstone and siltstone. Adequate water for livestock and domestic supplies is usually 
available from this upper unit. 

In wells in the north-central area of Hansford County, the occurrence of red, blue, and yellow 

clay near the base is common, suggesting the presence of Triassic deposits in the lower section of 
these wells. Since the base of the High Plains aquifer (Figure 20) was picked solely on generalized 
drillers' log descriptions, an areal distribution of the Triassic outlier could not be accurately 
delimited. If the basal material as described in the drillers' logs seemed to contribute to the High 

Plains aquifer and be hydraulically connected with the Ogallala Formation, then it was included 
as part of the aquifer. 

Logs in the northwestern corner of Hutchinson County indicate apersistant brown clay bed 
above the traditionally accepted Permian "red bed", sometimes in direct contact with the red bed 
but more often separated from it by a series of fine, muddy sand and clay layers. The brown clay is 

often associated with red and blue clay. This lower section seems to be also of Triassic age as seen 
from color, sand grain size, and areal extent of the clay layer. 

Moore County presents the most difficult situation in determining the base of the aquifer. 
Wells in approximately one-half of the county obtain water from both Tertiary and Triassic(?) 
rocks. This relationship can be visualized by referring to geologic section B-8' (Figure 23) where 
the section passes through Moore County. Based on the presence of carbonized wood, mica, 
pyrite, and the distinctive colors exhibited by both the sands and clays in the lower section, these 
basal strata are considered to be of Triassic age. Clay colors range from yellow to red and blue. 
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Sand colors include red, yellow, gray, and a very fine-grained white sand referred to locally as 
"sugar sand". Similar sections may be seen in outcrops in extreme south-central Moore County 
where the Canadian River incises the Dockum Group. The developed Triassic sands occur 
principally in the western, north-central, and northeastern parts of the county. The steep sub
merged escarpment in the western portion of Moore County, denoted by a line and hatchure 
symbol on both county and regional base of aquifer maps, represents the western area of the 
developed Triassic sands. The line begins in the northwest corner of· the county and continues 
south to a point just southwest of Dumas. The lower sand is overlain by a massive red and blue 
clay layer which abuts the higher red beds to the west. The entire lower section thins rapidly to the 
east and is not as continuous. The southern area of Moore County was treated separately in view 
of the low permeability and the development of a separate piezometric surface in the lower sands 
with the implied lack of permeability. An arbitrary line, based primarily on specific capacity, was 
extended from the point southwest of Dumas eastward to near the county boundary in order to 
include erosional remnants not shown on Figure 2. The aquifer base south and east of this line is 
mapped on top of the highest significant red clay layer. The area north of the line includes the 
Dockum sands since they do contribute significantly to the water resources of the local area. 

The boundary line of Ogallala and .Ogallala plus Dockum water-bearing strata ends in the 
northwest corner of Moore County, where further differentiation was not attempted. Potential for 
extending the delineation can be seen in Dallam County along the eastern side where closely 
spaced contour lines occur on both county and regional base of aquifer maps. 

In a small area of northeast Randall County, as depicted on the county elevation of base map 
(Volume 3), wells are completed in both the Ogallala Formation and the Santa Rosa Sandstone 
of Triassic age, Insufficient water for irrigation is characteristic of the Ogallala in northeastern 
Randall and northwestern Armstrong Counties. In some parts of this area, even domestic and 
livestock wells are completed in Triassic sands. In all of Randall County except the above 
deSignated area, the base of Ogallala Formation was considered to be the base of High Plains 
aquifer. Many other counties had areas with water wells completed in Triassic rocks, such as 
Castro, Deaf Smith, Hale, Oldham, and Swisher Counties, but a lack of hydraulic continuity with 
the Ogallala or small areal extent excluded these areas from the High Plains aquifer designation. 

One other area had dual Ogallala and Triassic water-well completions and was included in 
the High Plains aquifer. This area parallels the eastern extent of the study and is located in all or 

parts of Crosby, Dickens, Garza, and Motley Counties. Drillers' logs describe sand, gravel, and bro
ken sandstone below the Ogallala Formation, separated from it by a section of blue clay and 
"bOUlders". 

In general, the Dockum provides small amounts of water to wells for livestock and domestic 
use, with isolated areas yielding as much as 500 galimin (32 \Is) for irrigation. Ground water 
from the Triassic varies considerably in chemical quality over the High Plains, but generally is 
more mineralized than water from overlying water-bearing units. 

Jurassic System 

Exeter Sandstone 

Lying unconformably on tilted beds of the Dockum Group of Triassic age, the Exeter Sand
stone is the basal unit of the Jurassic System in the study area (Table 1). The Exeter is primarily a 
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massive sandstone with a maximum thickness of approximately 50 feet (15 m). It grades up into 
the brown-silt member of the Morrison Formation. 

The Exeter is a massivliI, white to buff, fine- to medium-grained sandstone which grades into 
a brown color near the contact with both the Morrison and Dockum beds. Locally, lenses of clay 
and gravel are present (Hart, Hoffman, and Goemaat, 1976, p. 17). 

Yields of as much as 20 gal/min (1.3 lis) can be obtained from wells in north-central Dallam 
County. Water quality is better when overlain directly by Tertiary deposits, but quality decreases 
as the overlying Morrison Formation thickens. 

Morrison Formation 

Underlying Tertiary or Cretaceous units in Dallam and Hartley Counties, as delineated by the 
Jurassic limit depicted on Figure 21, is the Morrison Formation of the Upper Jurassic Series. The 
Morrison overlies the Exeter Sandstone disconformably. Forming the basal unit of the Morrison is 
the brown-silt member, into which the underlying Exeter may grade (Baldwin and Muehlberger, 
1959, p. 46). Sandstone beds occurring in the upper part of the Morrison contribute some water to 
wells where these beds are in direct contact with the Cretaceous Purgatoire Formation or the 
Tertiary Ogallala Formation. The relationship of the Ogallala, Cretaceous, and Jurassic strata in 
Dallam County can be seen on geologic section B-B' (Figure 23). 

The Morrison Formation consists of varicolored shale dominated by gray-green and red, 
interbedded with white to brown, fine- to coarse-grained sandstone beds, locally thick. A persis
tent bed of brown silt occurs at the base of the Morrison. Strata of clay, marl, and conglomerate 
also occur at some locales. 

Only small quantities of ground water are produced from domestic and livestock wells 
completed in the Morrison, and locations of most such wells ·are restricted to the north-central 
part of Dallam County. Chemical quality of ground water from Jurassic beds generally limits its 
usefulness. Thicknesses of up to 550 feet (168 m) have been documented in test holes drilled 
through the Jurassic into Triassic rocks. 

Cretaceous System 

Antlers Formation 

The Trinity Group is represented by the Antlers Formation in the southern part of the High 
Plains study area. These rocks are considered to be equivalent to the Paluxy Sand of Central 
Texas, and are generally referred to as the "Trinity Sand" in the High Plains. The north-south 
limits of the Cretaceous occur where the sequence of Cretaceous r~cks thins markedly or is 
absent in the subsurface due to erosion. In the Southern High Plains, isolated Cretaceous 
remnants occur north and south of these boundaries (Figure 2). The Antlers is underlain by an 
eroded surface of Triassic strata and overlain by Tertiary or other Cretaceous formations. Both 
boundaries exhibit an unconformable relationship. 
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Although absent in places, the Antlers forms a basal sand unit in the Cretaceous system in 
the southeastern and southern portions of the High Plains. It is a white to purple, loosely 
consolidated, fine- to coarse-grained, quartz sandstone, locally hard, and commonly interbedded 
with fine-grained yellow sand, green clay, and gray to pink siltstone. Scattered lenses of gravel 
occur throughout the unit, but a more persistent, basal conglomeratic unit with interbedded 
coarse sand is present in most sections. Ferruginous and calcareous cementation is common. 

Small to moderate amounts of water can be pumped from wells completed in the 'Antlers 
Formation. Where a sufficient saturated thickness of Ogallala sediments overlies the Antlers, the 
well completion interval usually encompass(;!s both formations. In Ector,Midland, and part of 
Glasscock Counties, the Antler.s sand yields more water of acceptable quality than any other 

water-bearing formation, but because of relatively thin saturated thickness and low permeability, 
only moderate quantities of water can be obtained from individual wells. Well yields are usually 
less than 100gal/min (6.3 lIs). Water from Cretaceous wells is only slightly more mineralized 
than water pumped from wells completed in the Ogallala. The High Plains aquifer includes the 

Trinity Group in Ector, Midland, and parts of Gaines, Andrews, Martin, and Glasscock Counties. 

the Fredericksburg Group limestones (Table 1) overlying the Antlers, but the dissimilar hydraulic 
characteristics and localized nature of this water source kept these formations from being 

included as part of the High Plains aquifer. Such large capacity wells were found in several areas, 
but were most extensive in Hale and Floyd Counties. 

Purgatoire Formation 

The Purgatoire Formation of the Washita Group underlies the Dakota Sandstone and uncon
formably overlies the Morrison Formation of Jurassic age (Table 1). Where the upper shale unit in 

the Purgatoire is absent, the Dakota and Purgatoire sandstones are contiguous and difficult to 
differentiate. For the purpose of this study, the Dakota Sandstone and Purgatoire Formation are 
referred to as Cretaceous rocks. In localized areas, water-bearing sandstone unitS of, Upper 

Jurassic age in contact with the basal Purgatoire unit contribute sufficient quantities of ground 
water so as to be included in well completion intervals. The resulting Jurassic and Cretaceous 

rock combination shown on Figure 2 constitutes part of the High Plains aquifer, and all maps and 
sections of text referring to the High Plains aquifer make use of geologic and hydrologic data 
derived from wells ,completed in the Ogallala, Dakota, Purgatoire, Upper Jurassic, or any combi

nation thereof. The extent of Purga~oire coincides with the extent of Dakota in Dallam County. The 
approximate thickness of the Purgatoire is 100 feet (30 m)~ Geologic section 6-6' (Figure 23) 
further shows the subsurface position and net thickness of the Cretaceous and Jurassic rocks 
which contain the Purgatoire. 

The upper unit of the Purgatoire consists of dark gray shale with thin sandstone ledges and is 
not water bearing. The lower unit is a buff to white j fine- to coarse-grained, poorly cemented, 
massive sandstone. Conglomerate beds are sometimes present in the basal part of the Iqwer unit. 
The Purgatoire-Morrison contact is occasionally difficult to pick from geophysical logs in areas 
where sandstone beds occupy the upper interval of the Jurassic. 

The primary source of water for irrigation wells in northwest Dallam County is the Purgatoire, 
with younger stratigraphic units (Ogallala and Dakota) also being included in well completions. 
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Yields of up to 500 gal/min (32 lis) can be obtained from wells completed in the Purgatoire, and 
yields exceeding 800 gal/min (50 lis) are realized when all water-bearing strata are included 
in the completion interval. 

Dakota Sandstone 

The Dakota Sandstone lies below the Graneros Shale (Table 1) and rests disconformably on 
the Purgatoire Formation, both of which are of Cretaceous age. Where the Graneros Shale has 
been removed by erosion, the Dakota is overlain by Ogallala sediments. The Dakota crops out 
along several creek beds in the northwest part of Dallam County and the weathered surface 
exhibits an iron oxide veneer ranging in color from yellow to orange to brown-black. The thickness 
of the Dakota approaches 190 feet (58 m) and the extent is restricted to a part of northwest Dallam 
County, falling within the boundary shown on Figures 2 and 20. 

Tan to brown, thin to massive-bedded sandstones of the Dakota locally contain a middle 
interval of lenticular to parallel-bedded gray shale to dark gray mudstone. The upper interval is 
mainly a shaly sandstone grading into a massive-bedded basal unit. The sandstones are fine- to 
medium-grained and exhibit intense crossbedding. 

Many irrigation wells are completed in the Dakota, usually in conjunct~on with water-bearing 
formations above or below which increase well yields. Quantities of ground water up to 150 
gal/min (9.5 lis) can be obtained from the Dakota Sandstone. Where the Graneros or basal 
Ogallala clays are present, the water in the Dakota is confined under artesian pressure. 

Ogallala Formation 

Depositional History 

The Ogallala Formation in Texas is the southernmost extension of the major water-bearing 
unit underlying the Great Plains physiographic province of North America. It was named by 
Darton (1898) for the town of Ogallala, Nebraska, near the type locality. 

Following the laramide revolution in which the southern Rocky Mountains were uplifted and 

the Cretaceous seas retreated, rivers flowing east and southeastward cut valleys into the pre
Ogallala surface. This erosional pattern continued until late Miocene or early Pliocene (Neogene) 
time when the climate became progressively more arid (Leonard and Frye, 1974). Sediments 

transported from the unstable southern Rocky Mountains began to accumulate in the valleys and 

basins formed on the Permian, Triassic, Jurassic, and Cretaceous surfaces. As the valleys and 
basins filled, sediments overflowed to form coalescing aprons fed by braided streams that spread 
across a generally level plain. Throughout the time when Ogallala sediments were being depos
ited, the southern Rocky Mountains remained tectonically active, providing source material for 
the Ogallala Formation. 

Seni (1980) has described a deltaic system of deposition of the Ogallala Formation in Texas 
consisting of three overlapping fan lobes of which only the medial and distal fan facies occur in 
Texas. Each lobe contains distinct lithologic systems identified as channel, inter-channel, and 
inter-fan lobe. 
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At its maximum areal range, the Ogallala Formation in Texas may have extended as far as 
175 miles (282 km)east of its present location (Walker, 1978, p. 23). Earlier studies have 
suggested areal extents as far east as the Dallas area (Byrd, 1971, p. 29; and Menzer and 
Slaughter, 1971 ). 

Aggradation continued until late Pliocene time when climate change and upwarping of the 
Hif1h Plains area 'caused alluviation· to cease and erosion to begin. Pleistocene time - followed with 
extensive erosion laterally along the eastern escarpment and along major river valleys. Vertical 
erosion has been limited due to the resistant caliche "caprock" that formed over much of the 
surface of the Ogallala. 

During Pleistocene time the southward flowing Pecos River captured eastward flowing 
streams thus isolating most of the Texas High Plains from the source from which it was derived. 

Stratigraphy 

The Ogallala Formation consists primarily of fluvial elastics which unconformably overlie 
Permian, Triassic, Jurassic, and Cretaceous strata. In the Northern High Plains the formation has 
been divided into three subdivisions, the Valentine, Ash Hollow, and Kimball, based on fossil 
vertebrates and flora. The subdivisions, often referred to as floral zones, are less distinguishable 
in the Southern High Plains although Frye and Leonard (1957, 1959) have identified distinctive 
fossil seeds which correlate to the three floral zones as far south as Howard County, Texas. Evans 
and Meade (1948) have suggested subdividing the Ogallala of Texas into the Couch Formation 
consisting of coarse-grained valley fill material, and the Bridwell Formation consisting of the finer 
grained material deposited by coalescing streams. For this report, the Ogallala will be treated as a 
single unit although different depositional facies win be discussed. Lithologic descriptions are 
based on observations made on the 41 test holes (Ashworth, ·1980) and on pr.evious works. 

Basal Ogallala sediments consist primarily of fine- to coarse-grained. elastics. The sands are 
generally tan, yellow, .or reddish brown, medium- to coarse-grained, moderately .to welt sorted, 
unconsolidated quartz grains, interbedded with thin layers of Glay and occasionally sandstone. 
Gravel commonly occurs in layers in the basal section and ranges in size from boulders to pea size. 

The gravel is usually associated with sand, silt, and clay and is occasionally cemented. Quartzite is 
the predominant rock type in the gravel, although a high percentage of limestone boulders and 
cobbles occur in the southern third of the study area along with weathered Cretaceous inverte
brate fossils. The occurrence of limestone gravel and Cretaceous fossils indicate that a local 
source possibly contributed to the Ogallala sediments in the southern third of the study area. 

Basal Ogallala sediments occupy previously eroded drainage valleys and thus are not every
where present. Grain size and condition of sorting is an indication of the high energy involved-in· 
the depositional process of these sediments. As expected, sand grain and gravel size decreases 
and sorting improves eastward. 

Above the basal segment of initially deposited coarse-'grained elastics are fine- to medium
grained, well to poorly sorted sand, silt, clay, marl, and occasional stringers of small gravel. The 
sand is generally poorly consolidated to unconsolidated, although local cementation by calcium 
carbonate and silica occurs. These sediments completed filling the valleys and overflowed onto a 
flat alluvial plain. 
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Near the surface of much of the Texas High Plains are layers of resistant caliche known as 
"caprock". Caliche occurs in both Ogallala and post-Ogallala sediments and is formed by the 
leaching of carbonate and silica from surface soils and the redeposition of the dissolved minerals 
in layers below the surface. Although caliche layers occur primarily near the surface, deeper 
zones of caliche are also present. These deeper layers represent older soil horizons. 

Reeves (1970, p. 355) has classified the caliche "calcrete," profiles as young, mature, and old 
based on age, physical factors, and chemistry. The caliche ranges from crumbly to very hard and is 
almost impermeable although secondary porosity has been observed in many samples. Figure 3 
(by Ries, 1981) shows the number and classification of calcrete horizons, and Figure 4 shows the 
thickness of calcrete horizons overlying Ogallala calcrete. The effect of caliche layers on infiltra
tion rates will be discussed in another section. 

Thickness of the Ogallala Formation is primarily controlled by the morphology of the eroded 
pre-Ogallala surface. The greatest Ogallala thickness occurs where sediments have filled pre
viously eroded drainage channels. These channels generally trend east or southeast. Other areas 
of large Ogal\ala thickness occur in the northeast quadrant of the Texas High Plains where 
sediments have filled col\apsed basins formed by dissolution of Permian evaporites. Positive 
structures beneath the Ogallala result in a thinning of the formation and exist where Cretaceous 
remnants occur in Floyd and Hale Counties. These structures are shown on the elevation of the 
base of aquifer map, Figure 20, and on the generalized geologic sections, Figures 21 through 27. 
Thickness of the Ogallala Formation, which is generally greater in the northern part of the study 
area and thins toward the south as it overlaps Cretaceous rocks, ranges from 0 to approximately 
900 feet (0 to 274 m). 

Sedimentary Zonation of the Ogallala Formation 

The hydraulic properties of the Ogallala aquifer are dependent on its lithology. Therefore, to 
accurately estimate. the future potential and limitation of the Ogallala Formation, it is necessary to 
possess a thorough knowledge of the distribution of sediments of various types. As the principal 
investigator of sedimentary zonation, Dr. C. C. Reeves of Texas Tech University provided maps 
showing percentage distribution and thickness of sand, gravel, basal gravel, and clay. In addition, 
a sand and gravel to clay ratio map was supplied. Paul H. Buika and Randall K. Smelley, research 
assistants for Dr. Reeves, produced the following discussion and associated maps concerning 
sedimentary zonation of the, Ogallala Formation south of the Canadian River in Texas and New 

Mexico. 

Method of Study 

Water well logs, test hole logs, and measured sections from the outcrops of the Ogallala 
Formation were studied. The total thickness and percentage of sand, clay, and gravel within the 
Ogallala section was calculated for each log. 

The thickness of the gravel at the base of the Ogallala section. as well as total gravel through 
the entire Ogallala section wa~ determined. The positions of ancient (pre-Ogallala) stream 
channels were established by examining structural maps of the base of the Ogal\ala section. 
Wells located in most channels were excluded when calculating the basal gravel map, but were 
included in calculating total gravel thickness. 

-17- 09 028 



.~ 
-~-

.. ~. 
o 10 2.0 "30 40 50 SO 70 Miles 

I 

I 
I 

Figure 3 

I I 

·0 10 30 50..70 Kilometers ". r-s;;;;oes;;;-----. 

EXPLANATION 

2-Numbe~r. of 
Co Icrete HO.rizons 

Y -Young 
M-Mature 

O-'Old 

Number and Classification of Calcrete 
Horizons, Southern High Plains 

(After Ries, 1981) 

, - 18 -
09 029 



Figure 4-

o 10 20 30 40 50 60 70 Miles 
; I 

o 10 30 50 70 Kilometers 

,.....---~ 

EXPLANA TION 

B 0 Inches 

~ 10-20 Inches 

~ 20-30 Inches 

6-24 Inches 

[:i:i:i:l:i:i~t 32 -5 6 Inc he s 

Thickness of Calcrete Horizons 
Overlying Ogallola Calcrete 

(After Ries, 1981) 

- 19 - 09 030 



Because of inconsistent and vague lithologic descriptions of weil logs written by some 
drillers, certain' guidelines were established. Lithologic sections ambiguously described as "rock" 
were excluded from individual calculations of sand, clay, or gravel thicknesses. "Caliche" was 
classified as sand, because sand ,was the parent material in most cases for cal.crete development. 
Sections described as limestone were classified as sand, because limestones in the Ogallala 
section are principally calcrete. Sections described as "shale" were classified as clay. 

A 10·mile(16-km) square grid was established using the Texas-New Mexico state line as the 
"base line". Data were gathered for each grid area, with an approximate well density of no more 
than 1 square .mile (2.6 km2). Only well~ which completely penetrated the p!:}allala section were 
used. The selection of each well log was determined by the completeness of the log and 
comparison of the log to adjacent wells. Unfortunately, in many grids there was not enough 
available data to insure representative figures. To eliminate skewness, the highest and lowest 
values within each grid were dropped if they were considerably higher or lower than most of the 
other values. The remaining figures were then averaged, ancl the mean value plotted at the cef!ter 

of each grid. 

Sand Distribution 

Sand accumulations within the Ogallala section of the Southern High Plains exhibit regional 
thinning to the southeast (Figures 28 anCl29), ranging in thickness from 20 to over 360 feet (6 to 

over 110 m). 

consistently ranges from 50 to 60 percent. However, due to large amounts of clay in localized 
areas,. sand values (thickness and percent) are low. Sand percentages remain high through the 
northern part of the Southern High Plains (60 to 90 percent), thinning both to the east and west 
from Curry County, New Mexico, where sand. accumulations comprise over 90 perce,n~ of the 
Ogallala section. Sand percentages increase to the south through Andrews, Dawson, Gaines, and 
Martin Counties. 

C laypistripution 

Clay distribution of the Southern High Plains thickens. regionally to the north and northeast. 

The thickness of the clay ranges from o feet in Lea and Roosevelt Counties, New Mexico, to over 
300 feet (91 m) in Carson County (Figure 31) where clay exceeds 50 percent of the total section 
(Figure 30). Excessive accumulations of reddish to reddish-bro\iVn clays indicative of lacustrine 

lakes are found in Castro, Cochran, Crosb.y., Dawson, De.af Smith, Floyd, Hale, Hockley, Lamb, Lea 
.J -' 

(New Mexico), Parmer, Swisher, Terry, and Yoakum Counties. 

Gravel Distribution 

Figures 32 and 33 show regional trends of thick gravel accumulations indicative of pre
Ogallala drainage channels where initial Ogallala sediments were deposited. Figure 34 ex.hibits 
relatively high basal gravel values extending east-southeastward from Parmer to Floyd· County, 
and from southern Roosevelt (New Mexico) eastward to southern Lubbock County. Basal gravel 
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values from southern Lea County (New Mexico) eastward through Martin County suggest the 
presence of a minor pre-Ogallala drainage (from relatively thin, but continuous, gravel accumula
tions in Lea County, New Mexico). However, thick localized gravel accumulations in Martin 
County combined with lack of sufficient data in ,Andrews County (Figure 33) discourage the 
assumption of a drainage system flowing eastward through the southern region of the study area 
from the Rocky Mountains. 

, Low gravel values of 0 to 5 feet (0 to 1.5 m) through the southwestern (Andrews, Gaines, Lea, 
and Yoakum Counties)'ahd' northern (Deaf Smith, Oldham, Potter, and Randall Counties) regions' 
of the Southern High Plains represent broad upland areas lying between pre-Ogallala drainage 
systems. Thin gravel accumulations are also present in Briscoe, Howard, Lynn, and Swisher 
Counties. 

Gravel thickness diminishes to less than 5 feet (1.5 m) in the northwest corner of the 
Southern High Plains (Quay County, New Mexico). An anomalous high value in southwestern 
Quay County, New Mexico, indicates the presence of either a pre-Ogallala drainage system or a 
sink filling. The gravel distribution within Carson County exhibits a wedge which thickens to the 
northeast (Figure 33). Inconsistent values calculated within Carson County are attributed to 
numerous logs which show high thicknesses of basal gravel. This anomaly may indicate an 
ancient drainage channel which flowed eastward from the Rocky Mountains north of the sedi
mentary zonation study area, a northeast source supplying sediment to the Southern High Plains, 
or a complex of sink fills. A gravel wedge thickening to the west in southern Roosevelt County, 
New Mexico, is related to initial Ogallala sediments deposited in a pre-Ogallala drainage channel. 
Thick gravel accumulations within the Slaton Channel are prominent through southern Lubbock 
and northern Lynn Counties. 

Figure 32 shows graver comprising from 5 to 10 percent of the Ogallala section in the central 
Southern High Plains. High percentage values in the western region (Roosevelt and Lea Counties, 
New Mexico) are evidence of pre-Ogallala drainage. 

Ra~io of Sand and Gravel to Clay 

Attempts to recharge the aquifer will be mo~e fCivorable in areas which' contain high percen
tages of permeable and porous sediments. The peripheral distance that recharged water will flow 
through an aquifer from an isolated recharge site is principally dependent on permeability of the 
rock, While storage capacity of the aquifer is controlled by porosity. Therefore, the average ratio of 
sand and gravel (high permeability) to clay (low permeability) within the. Ogallala section was 
determined for each grid based on percentage values. 

Figure 35 shows that the ratio of sand and gravel to clay is between 1 and 4 for most of the 
central Southern High Plains. The ratio increases sharply (up to 100) along the western Southern 
High Plains (Curry, Lea, Quay, and Roosevelt Counties) as a result of thick channel gravels 
(Figures 32,33, and 34). The ratio remains high (4 to 10) through the northern region (Deaf Smith, 
Parmer, and Randall Counties), but drops considerably to the east in Carson County where thick 
accumulations of clay occur (Figures 30, 31, and 35)~ Moderately high values (4 to 6) are found 
throughout the southern region of the study area (Andrews, Dawson, Gaines, Martin, and 
Yoakum Counties). 

09 032 
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Conclusions 

Conclusions inferred fror:n the percentage distribution, thickness, and ratio maps (Figures 29 
through 35) are as follows: 

1. Sand accumulations in the Ogallala section of the Southern High Plains range from 20 
to over 360 feet (6 to over 110m). or 20 to 100 percent, regionally thinning to the 
southeast. 

2. Clay thicknesses in the Ogallala section range from Oto over 300feet (Oto over 90 m). or 
50 percent, regionally thickening to the north and northeast. 

3. LocaL thick clay accumulations scattered throughout the study area suggest the possi
bility of several Ogallala-age lake basins. 

4. Gravel accumulations in the Ogallala section (excluding basal gravel) are thin and 
discontinuous-O to 20 feet (0 to 6 m), or 0 to 10 percent. Gravel accumulations in 
suspected sinks or channels show higher values of 20to 1 OOfeet (6to 30 m). Dr 15 to 30 . 
percent. 

5. Basal interformational gravels in the Ogallala section reveal two major stream systems 
flowing east-southeastward from the southern Rocky Mountains and entering the High 
Plains in New Mexico .. 

6. Gravel accumulations in Carson County, Texas, and in the southern region of the study 
area (Lea County in New Mexico and Andrews and Martin Counties in Texas) suggest 
the possibility of additional channels supplying sediment to the Southern High Plains. 

7. The majority of sand and gravel to clay ratio values range from 1 to 4 for most of the 
study area, with higher values (up to 100) in the western (New Mexico counties) and 
northern regions (Deaf Smith, Randall, and Parmer Counties) of the Southern High 
Plains. 

Post-Ogallala Rocks 

Post-Ogallala sediments consist of windblown sand and silt, alluvium, and playa lake depos
its. Windblown sands occupy the largest surface area of the High Plains of Texas and are of both 
Pleistocene and Recent (Holocene) age.· They are primarily fine-grained to silty, sometimes 
calcareous, and are derived from lacustrine, fluvial, and eolian deposits. These sands and silts 
form sheet or cover sand, dunes, and dune ridges with thicknesses generally ranging from Oto 10 
feet (0 to 3 m). 

Alluvium is present as fluvial floodplain and terrace sediments along the more active streams 
and rivers. The deposits consist of poorly sorted, often cross-bedded, gravel, sand, and silt. 

Lacustrine deposits, consisting primarily of clay and silt, line the bottom of the many playa 
lakes on the High Plains. The sediments are virtually impermeable, thus restricting natural 
recharge to the underlying formation. 

- 22 -



Reference 10 



Texas Water Development Board 

Report No. 314 

Hydrogeology of 
LowerCr'etaceous Strata 
Under the· .. 
Southern High Plains of· 
Texas and New Mexico 

by 
J. A. Tony Fallin 

March 1989 

III, ... 
,,,.~, ,J 

1.0 001. 



I 

! 
t 
t 

! 

, ; 

Hydrogeology .rl ... "er CM!taeeoWi Stnlt..a Un ...... the Soulhern Plain. arT""". and New Mmeo 
Much 1989 

The primary purpose of this report is to describe the hydrogeology 
of Lower 'Cretaceous strata under the Southern High Plains. The 
Lower Cretaceous strata are incorporated in the High Plains aqui
fer system that provides essentially aU' of the ground water used 
for Crop irrigation purposes on the Southern High Plains. 

Significantly, clay and marl intervals in the Lower Cretaceous 
section under the Southern High Plains form regional aquic1udes 
in the High Plains aquifer system. The aquicludes separate indi
vidual ground-water flow zones in the Lower Cretaceous section, 
forming boundaries between aquifers that have unique hydraulic 
characteristics, and that are discUssed individually under sepa
rate headings in this report. 

The report pertamsto an areas where Lower Cretaceous strata 
are know to exist under the Southern High Plains (Figure 1), 
including parts of southeastern New Mexico as well as Texas. 
This allows for the presentation of New Mexico data that have a 
direct bearing on flow dynamics, ground-water chemistry, and other 
hydrologic properties of Lower Cretaceous aquifers in Texas. The 
report stems largely from field, lab, ,and office investigations made 
by the author and other individuals cited in the text. 

Approximately ,1,000 weI] logs from commercial and other drilling 
sources were analyzed to determine and map subsurface facies 
characteristics; regional' thicknesses,and ,areal extent of Lower 
Cretaceous strata :shown mthe report. WeH log information sup
plied from numerous oil,gas,andground-water investigations made 
in .,the study area 'was obtained largely 'from ·office files located at 
the New ~Mexico State :Engineei's Office in RosweU, New Mexico, 
and at the 'Texas WaterDevelopm~mt BoaTd (TWDB) in Austin, 
Texas. Regional cross-sections presented with the text were also 
constructed from select infonnation recorded on drillers' logs filed 
witbthe New Mexico State Engineer's Office, the Texas Water 
Commission (TWC),and from descriptions offormation outcrops 
measured in the field. Water samples collected from wells tapping 
the Lower Cretaceous strata were analyzed at the Texas Depart
ment of Health Laoorat(lries in Austin, Texas, for data used in 
the report. 

As part of the High Piains aquifer system, discrete aquifer inter
vals in the Lower Cretaceous section under the Southern High 
Plains are developed .local1y ,as a .source of fresh to slightly saline 
ground water. Accordingly, findingsintMs report have applica
tions to projects addressing ground-water inventory, development, 
and management on the Southern High Plains. 

Purpose and Scope 

.. 



-
Byd.rog£Ologr Q(' ~r ~ 8~ .Unde: t.,:"'(l 6au:.he:rn PlaifUI ofTexaD z.nrl New Mc;rico 
M ... ..,,;, 19a1i 

-----~---:~-
i ~ '._ ' 
~ I i· ..... ~'.'it ....... ' 

/ 

.~--------~-----.~-~ 
EXPLANATION 

--;}oIfOO ~ r~~Q~~~~~;II~~';!~.U~.gn "0 hr ... I) 

If 2p TiIO ~f' ':i.o MI.:_E~ 
.J 

~ LOWER CRtT.l!:C;OUS OUTCROP 
.0 20 t;p .;p ~ . GO J.i.i:..C~'Ci'ER~ , 

~ i...IHf Of ;;[OL.O(;I[" SECTION 
P ... :&42.---"" 

ZOI 

_OWEf! CRET A.C~OUS SUaCROP 

Figure 1 

Study Area Location Map 

oe 



I 

J 
I 

L 

Hyd~lolO' .rLower Crel.aceou. Stral.a Und",.U,e SouLhern Pl.ina orT""".1Ulcl New Me:ritt> 
Maroh 1989 

Investigative studies describing the geology of Lower Cretaceous 
strata under the Southern High Plains are limited. Sellards and 
others (1932) briefly notes that Lower Cretaceous strata are pres
ent in the southern Texas Panhandle, with the Edwards FonnR
tion extending " ... westward to the cap of the Llano Estacado." 
Brand (1950, 1953) also addresses Cretaceous outcrops on the Llano 
Estacado of Texas in a University of Texas Ph.D. dissertation and 
other publications. 

Local" and regional hydrogeologic surveys that offer short discus
sions of Lower Cretaceous strata in the study area include reports 
by Leggat (1952), Cronin and Wells (1960), Mount and others 
(1967), Knowles and others (1984), and others listed in the Se
leded References section of this report. Basic ground-water in
formation for the Southern High Plains is also recorded in various 
State and Federal reports, including annual U.S. Geological Sur
vey publications listing water levels and ariesianpressures in the 
United States. 

Lower Cretaceous. strata underlie approximately 10,000 square 
miles of the Southern High Plains, jnc1udingareas under all or 
parts of Bailey, Borden,CochTan,Dawson, Gaines, Garza, Hale, 
Hockley,Lamb,Lubbock, Lynn, Terry, ,and Yoakum Counties, 
Texas, and of Lea and Roosevelt Counties, New Mexico. The strata 
are covered largely by the Ogallala Formation (Neogene) and other 
surficial deposits. However, limited <outcrops of the Mesozoic Tocks 
are exposed along the margins ,of isolated playa depressions, and 
along escarpmentsdemarking .eastern and western ·edges of the 
Southern llighPlains physiographic province. 

As an elevated :plateau region, the Southern HighPlruns is .charac
terized by flat, treeless terrain. Shallow :playa depressions and 
sand dunes are also typical features in certain paris of theprov
ince. The plains slope imperceptibly to the southeast :and are 
generally devoid of major drainage systems. Native vegetation in . 
the region includes numerous dryland grasses and more 10calized 
growths of shin oak, sagebrush, mesquite, and yucca. Farm crops 
are cultivated over much of the Southern High Plains, primarily 
during late spring and summer months. 

The Southern High Plains economy is based largely on agricul
tural development and the production of oil and gas. Large-scale 
irrigation farming-hegan in the region during the .1930'sand 1940's, 
primarily with the . development of water-hearing formations within 
the High Plains.aquifer, At about the same time, large oil and gas 
deposits were discovered in various Permian Basiri reservoirs un
der1ying the study area. 

Today, the Southern High Plains is one of the most intensively 
cultivated areas in the North American mid-continent. Cfops grown 
in Fhe study area include cotton, grain £orghums,soy.beans,wheat, 
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barley, oats, corn, and assorted vegetables. Beef cattle are also 
raised in the region, often being penned and fattened in feedl~ts 
that have 'expanded over the proVince' since the early 1960's. ' 
'. . 

Oil and gas development is e~tensive on the Southern liigb J;'la,ins. 
Colleetjvel~', oilfields in the study area contain mo'te than 12 bil~. 
lion barrels.of oil in place, making them the single largel?t oil play 
in the southem mid.contirient area (GallowaY,et. at, 1983). The 
oilfields aT~pa:rtiC\l,lar1y.Wel1 developed in southern parts of the 
study area whellepi1reservoirs are defined incal."bonate rO,cks that 
were deposited on tbeju)rl.hern shelfofa Permian·age basin. Many 
of the fields BJ"e in secoIlllaTy phaS'es of production and some of the 
world'slargelit enhanced oil recovery (EOR) projects utiliZing in· 
jected' 'wateJ;: and caTb~n dioxide as hydrocarbon displacen;lent 
agentslarec;urrentJy, operating in the region. 

. . . 

Satel1i~Zjndllstries supporting oil, gas, and agric~ltU:ral de~elop~ 
ment also contribute to the overall ecbnomy'of·the study area. 
The suppoTtindtistrlesusual1y have home or field offices located 
in local Southern High Plains c:ities such as Lubbock, Levelland, 
Brownfield, Plains, Lamesa, Denver City, and Seminole, Texas. 

The Southern High Plains has a semiarid climate, with pr:ecipita· 
tion generally measuring between 14 and 20 inches a~ear. Pre
cipitation is usually light during winter months, increasing in the 
late spring and early fall. Temperatures typically range from the 
low to mid-90's (degrees F) in the summer and from the low to 
mid-50's in the winter. 

Weather patterns are sometimes extreme over the Southern High 
Plains. Temperatures can drop as much as 60 F over ~short peri
ods of time when. "blue northers" blow across the region, some
times depositing light snows in the winter. Low humidity and 
strong southeasterly breezes commonly accompany higher sum
mer temperatures, resulting in high surface evaporation rates and 
generating periodic dust storms across the Plains. Thunderstorms 
crossing the area during rainy periods occasionally produce hail 
and tornadoes, especially during late spring and summer months. 

Numerous farmers, ranchers, and other land holders on the South
ern High Plains permitted access to their properties and supplied 
ground-water information integrated in this report. Also, wel1 
drillers, pump companjes, and municjpal officials in the study 
area provided drillers' logs, pump test information, and municipal 
wen data that were helpful in defining the subsurface character of 
Lower Cretaceous strata and their contained waters. Private 
ground·water consultants provided assistance in helping locate 
drillers' logs and other informat:ion used in the report, especially 
Sherman Ganoway of Roswel1, New Mexico . 
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State and Federal personnel who helped locate well log and qual
ity of ground-water data, or who provided other useful information 
related to the geology and chemistry of ground water jn the study 
area, included Steve Seni and Ronit Nativ of the Bureau of Eco
nomic Geology in Austin, Texas; Arthur Mason of the New Mexico 
State Engineer's Office in Roswell; New Mexico; and Don Hart of 
the U.S. Geological Survey Water Resource Division in Albuquer
que, New Mexico. Also, earlier researchers who analyzed and 
published data related to the geology and hydrology of the South
ern High Plains are to be credited, with special acknowledgements 
.going to John Brand, Edward Leggat, and James Cronin. 

The need for a more comprehensive regional geologic and hydro
logic study of Lower Cretaceous strata under the Southern High 
Pla:ins was brought to the author's attention by Phil Nordstrom of 
the TWDB. Tommy Knowles, Chief of the Board's Water Availa
bility Data and Studies Section of the TWDB, was subsequently 
apprised of the need and proyjded administrative support for the 
investigation. Manuscript typing and drafting .are credited to Yo
landa Briones and Steve Gifford respectiveJy of the Board. 
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A variety of rock types and different sedimentary formations rep
resenting all major g-eologic eras underlie the Southern High Plains. 
The rocks include deeply bUTied and stnlctural1y complex Precam
brian metamorphic and igneous assemblages that generally range 
from 0.8 to 1.7 million years in age, and occupy a failed rift system 
that first projected into the southern cratonic area of North Amer
ica during Proterozoic time. The rocks fringe on the Greenville
Llano tectonic front to the south and are bound by older Canadian 
Shield provinces to the north. 

Early and middle Paleozoic formations under the Southern High 
Plains are composed largely of shallow marine shelf carbonates 
that raI\ge from 3,000 to 6,000 feet thick. The strata have numer
ous regional and sub-regional unconfonriities, suggesting that ex
tensive and frequent epeirogenic crustal movements affected de
positional environments during early aIld middle Paleozoic time. 

Late Paleozoic strata in the study area include marine carbonate 
and evaporite sequences of Permian age that measure over 8,000 
feet thick in places. The strata accumulated in and .. al'ound a 
shallow structural depression .Dr basin that developed over older 
Precambrian rift zones in northwest Texas during.the perririan. 

Mesozoic,strata under the Southern High PIrons include Late Tri
assic redbed sequence~r' composed primarily oflacustrine mudstones, 
and fluvial-deltaic sandstones and shales (Table 1). The continen
tal redbeds are up to2)QOO,feet thick in places, and are uncon
formably overlain by the erosional outliers of Lower Cretaceous 
marine rocks thilt are d.escribed in mOTe· detrol in following sec
tions of this report. 

Strata capping Mesozoic and older rock units under the Southern 
High Plains include the Ogal1ala Formation and younger surficial 
deposits. The Ogallala Formation is a near-surface deposit of 
sand, silt, clay, and gravel that accumulated in fluvial, eolian, and 
alluvial fan depositional environments during Neogene time. Lo
calized fluvial, eolian, and lacustrine deposits forming the Tahoka, 
Double Lakes, and Blackwater Draw Formations, as wen as mod
ern day stream alluvium and dune sand, cover the Ogal1ala Forma
tion at most locations. 

The tectonic history of the Southern High Plains is varied and 
complex. During ear1y and middle Paleozoic time; epicontinental 
seas periodically transgressed over the region'in response to epeiro-

. genic down warping along what is now North America's southern 
cratonic boundary. Sediments depositedoT precipitated in the 
marine environments included construcbonal shallow marine car
bonates and lesser· amounts of clean sandstone and shale (Fa11in, 
1985; Nicholas and Rozendal, 1975). 
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Table 1 . . Physical and Water·BeanngCharacteristic8 ofCeno%oic and Meso%oic Strata Under the 
. Southern High Plains. 
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Llrn •• lone 

thin Interbedi of ilght.JIl"oy ,holo. 
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--. _ .. 
__ c ___ ---. 
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"~~- ,~- -
Up~r unit, vnricolored lrillalone, claYllone, conglomerate, flne--,grsine.d. 
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,ond.l<lna with ""me clay.lone and interbedded .h.le. ------------ --------
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Cretaceous System 

Introduction 

The convergence and collision of North and South America in the 
late Paleozoic Era subsequently displaced open marine seas along 
the southern edge of the North American craton, first into interior 
sag basins and other depressions bordering the Ouachita tectonic 
belt, then away from the region entirely. Cut off from open ocean 
currents, inlan d seas overlying the Permian Basin in the South
ern H:igh Plain)S region ultimately evaporated, leaving behind large 
deposits of halite , potash salts, and anhydrite. 

In the early Mesozolc Er~,£re~h'watetl8ke basins developed over 
the mid-continent region, leading to the' accumulation of lacus
trine and.:(luvial~delbPcdepositathat makeup the Dockum Group 
(Late Triassic). MaJQ;r :solli"c~areas contributing sediments to the 
lake l;)asiris included the Ouachita tectonic belt to .the south and 
east, a structuraliemnant from the collision of North and South 
America (G~an.ata, 1981). ·.c . 

ThesepiiratlonofNorln and South America and consequent open
ing of the Gu1fof11e~~()fol1SWed,JYith,!!lUSta.l subsidence around 
the edge of the GUlf tilting:and drl;liningroid-continent lake basins 
to'lhes6ut1;lea'st dq,ring theJur~ss:ic Period. At about the same 
time, compressionalorogepic.)vents in western North America, 
e.g~.the Nevadan orogeny,downwari>ed the entire mid~continent 
reglQ:O. petmittingo$cillatling seas:to transgress over the study 
area~in ,the·~EaTly Cre'taceolllfftiriod and to deposit the Lower 

-. Cretac:eous strata that.arethesubject ofthis report. 

La;amide upliffand other tectonic events associated with Tertiary 
doming along the Rio Grande rift system to the west subsequently 
elevated the Southern High Plains above sea level again, tilting 
the region to the southeast at the same time. Partial draining and 
erosion ofOretacElous and.older formations accompanied the up
lift, exposing 1he strata to direct fresh-water recharge in some 
places and depositing younger, fresh water~bearing sediments (i.e., 
the Ogallala Fonnation) on top of the units in others. Today, 
eroded outliers of Lower Cretaceous and younger strata continue 
to mantle older rock units under uplifted portions of the Southern 
High Plains. 

A typical Lower Cretaceous section under the Southern High Plains 
includes a basal sand and sandstone deposit overlajn by marine 
marls, clays, and associated limestones. Deposlted on eroded Late 
Triassic terrain and covered largely by Tertiary-age sediments, 
the Lower Cretaceous strata fonn buried mesas with more than 
250 feet of subsurlace·relief at some locations. The buried mesas 
are erosional outHers of a system of rocks that are much more 

"extensively preserved and exposedin the Edwards Plateau regjon 
of South-Centrf!.l Texas.' -

The l'egiona] unconformities that bound Lower Cretaceous strata 
under the So'uthern High Plain.s are irregu1ar surfaces crosscut 
wjth erosional channels at some locations (Fjgures 2 and 3) .. The 
channelstTend east-southeast across the study. area, with upper 
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channel courses sometimes cutting entirely through the Lower 
Cretaceous section (e.g., Slaton Channel, southeast Lubbock 
County, Texas). 

Strata immediately underlying the regional unconformities are 
discolored at many locations, reflecting the effects of subaerial 
weathering during hiatal periods that bounded Lower Cretaceous 
depositional events. Reddish-brown mudstones are commonly 
tinted blue-green one to two feet below the Late Triassic-Lower 
Cretaceous unconformity, and blu~gray limestones and days in 
upper parts of the Lower Cretaceous section are often oxidized 
yenow to a depth of 10 or more feet immediately below the Ogal
lala Formation. 

As many as six Lower Cretaceous formations have been described 
under the Southern High Plains. The formations define parts of 
the Trinity, Fredericksburg, .and Washita Groups ofilie Gulf Coast 
Comanchean Series in North America. Biostratigraphic zonation 
of the sequence is based priInarily upon the occurrence of ammon
ites and other marine fossils in the stratigraphic section (Brand, 
1953). 

In the Southern High Plains region, the Trinity Group is repre
sented .qy the Antlers Formation,s white to purple,'llIlconsoli
dated to moderately wel1cemented, Jine- tocoaT'se-grained quartz 
sand and sandstone. In the study area, the Antlers Formation .is 
interbedded locally ,with green clay and pink siltstone, and has 
scattered lenses'of gravel that include wen-rounded quartz pebbles 
and claystone 'c1astsderived from underlying :Late Triassic strata. 
Quartz grains in ,the AnUers Formation are typically well rounded 
and frosted in.·appearance, both characteristics associated with 
near-shore :marine, beach.and dune .sand deposits. 

As an irregular sheet deposit, the Antlers Formation pinches and 
swells in thickness while thinning regionally to the northwest 
(Figures 4 and 5). Measured sections of the unit range from less 
than one to more than 60 feet thick under the Southern High 
Plains. In eastern New Mexico and more northern parts of the 
study area in Texas, the Antlers Formation is locally absent, hav
ing been removed by post~depositional erosion at some locations. 

The Fredericksburg Group under the Southern High Plains in
cludes the Walnut, Comanche Peak, Edwards, 'and Kiamic1ri For
mations. Also, part of the time transgressive Antlers Formation is 
probably of Fredericksburg age in northwestern :parts of the study 
area. 

Lithologjcal1y, the Walnut Formation iscomposed,ofJight gray, 
calcareous shale, fine-to medium-grained sandstone,and light 
gray, argil1aceous limestones. It grades abruptly upward :into 
thicker, m ore massive, light gray, argillaceous limestones and 
interbedded TIwrlsof the Comanche Peak Formation. 

Stratigraphy 

Trinity Group 

Fredericksburg Group 

m 
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Under southeastern paris ortbe Southern High Plains, the Walnut 
Formation exceeds 30 feet in thickness, while the Comanche Peak 
Formation is as much as 85 feet thick. However, like the underly
ing Antlers Formation, both the Walnut and Comanche Peak For
mations thin appreciably to the northwest, disappearing entirely at 
some locations. 

The Edwards Formation overlies the Comanche Peak Formation in 
the southeast part of the Southern High Plains. It is profiled in 
steeper parts of tlte High Plains escarpment, and IS alight gray to 
yellow, thick-bedded4lB,udil;;t'l,jimestone that is boneycombed lo-
cally with solution caVities. . . . 

The Edwards Formation measures as mu~h as 35 feet thick along 
the High Plainses~l"Pment. HO\\:,E!ver, ihe fo~ation pinches, out· 
abruptly totne'tJorthViest, sigmlling the edge of a platform reef 
complex that developed over·niuch or the central Texas region dur
ingthe Early Cretaceous Period . 

. ,. 
The Kiamichi Formation is the uppermost stratigraphic unit of the 
Fredericksburg Group. It is composed primarily,ofyellow-brown to 
dark blue-gray shale, but also has thin interbeds of gray, argil
laceous limestone and yellow/fine-grained sandstone. 

Where completely preserved, the Kiamichi Formation is at Jeast 
110 feet thick under the Southern High Plains. However, part or 
al] of the formation is missing in some parts of the study area due 
to post-depositional ~rosion. 

The Washita Group overlies the Fredericksburg Group ~d is rep
resented by the Duck Creek Formation under the Southern High 
Plains. The Duck Creek' Formation is composed of yellow-brown 
shale interb«;!dded with thin lenses of argillaceous limestone and 
fine-grained sandstone. 

Data from isolateg wells suggest that the Duck Creek Formation 
probably exceeds 50 feet in thickness under the Southern High 
Plains. However, like'theunderlying Kiamichi Formation, it has 
been thinned or completely retn0vedby post-depositional erosion at 
many locations. Undifferentiated sections of the Duck Creek and 
Kiamichi Formations general1y thicken to the north and northwest 
in marked contrast to other Lower Cretaceous stratigraphic inter
vals in the study area. 

Facies analyses and other geologic criteria indicate that Lower 
Cretaceous strata il) the .study area accumulated as epicontinental 
seas moved over the.regfonfromthe'·southeast. The basal Antlers 
Formation accumulated during Early to Middle Albian time (Fig
ure 9) in near-shore maririejpeach, and coastal sand dune environ
ments, sometimes being reworJ-..ed as seas transgressed, regressed, 
then transgressed over the study area again. During latter parts 
of the same depositional period, the Walnut and Comanche Peak 
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Formations accumulated offshore in shal10w lagoon and carbonate 
platform environments. Then, as Mesozoic seas stabilized in early 
Middle Albian time, a more extensive platform and lagoonal com
plex developed over much of Central Texas. Rudist bioherms 
grew over and along the edges of the platform, ultimately defining 
the Edwards Formation that crops out along the southeastern 
High Plains escarpment and over the Edwards Plateau region of 
South-Central Texas. . 

Following Edwards deposition, the Southern High Plains was 
subaerially exposed in areas where major Edwards bioherms were 
developed. Then Middle Albian seas transgressed over the region 
again, eventually covering the entire m:id-continent area of North 
America. The Kiamichi Formation and other lithostratigraphic 
equ:ivalents (e.g., basal parts of the Tucumcari Shale in New Mex
ico) accumulated mostly in the expanded shallow marine sea be
fore more stagnant lagoonal environments developed over the study 
area near the end of Fredericksburg time. 

Renewed transgression subsequently opened the mid-continent 
seaway again, forming a shaI1ow, open marine environment in 
which the Duck Creek Formation accumulated. Gulfward retreat 
of Upper Comanchean seas followed, bringing to an end all Lower 
Cretaceous deposition over the Southern High Plains. 
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Introduction 

. ED 

Essential1y all Lower Cretaceous strata under the Southern High 
Plains occur below the regional water table, and are saturated 
with fresh to moderately saline ground water. Only in limited 
updip recharge areas of eastern New Merico, and dov.rndip drain 
areas along the Southern High Plains escarpment in Texas does 
the regional water table drop below the upper surface of the Lower 
Cretaceous subcrop. . 

The Lower Cretaceous strata are in hydraulic continuity with other 
water-bearing formations in the region, and are considered to be 
part of the High Plains aquifer. Basal sandstone beds in the 
Antlers Formation, and solution cavities, fractures, joints, and bed
ding planes in limestone portions of the Comanche Peak and Ed
wards Formations define ground-water aquifers in the Lower Cre
taceous section. However, limestone and sandstone stringers in 
the Kiamichi and Duck Creek Formations also transmit limited 
amounts of ground water through the system at some locations. 

Aquic1ude inteTVals in the Lower Cretaceous section include thick 
clay and marl beds that form major parts ofthe Walnut, Kiamichi, 
and Duck Creek Formations. Yielding little, if any, ground water 
to wells and springs in the study area, the fine-grained strata 
serve to confine ground-water aquifers in the High Plains aquifer 
at some locations, while also diverting regiona1 ground-water flow 
around andover much of the Lower Cretaceous subcrop. 

Ground-water movement and drainage through the Lower Creta
ceous strata is genera1ly to the east-southeast in conformance with 
head distribution and structural dip (Figure 10). Intraformational 
facies changes, joint patterns, local cementation, and sinuosity of 
underlying scour channels, however, prompt local deviations in 
flow patterns. 

Ground-water flow rates in the Lower Cretaceous strata are esti
mated to vary from a few feet per year in 10wer sandstone sections 
to more than 100 feet per day sometimes where solution cavities 
and joint systems are particularly well developed in limestone 
intervals. Discharge from these aquifers is to well heads in Texas 
and New Mexico; to streams, springs, and seeps along the South
ern High Plains escarpment :in Texas; and to surrounding forma
tions. Recharge to the system occurs directly from bounding Ogal
laladeposits along northern and western parts of the subcrop 
area,and indirectly by downward percolation or infiltration from 
the overlying Oga11 ala at other locations (Figure ll). Precipita
tion is the principal source of recharge to the bounding and overly
ing Ogallala Formation, with ground-water renewa1 rates to the 
OgaDalageneral1y averaging less than one ha1f inch per year when 
semiarid c1irnaticconditions prevai1 over the Soutnern High Plains . 
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Overall well yields from Lower Cretaceous strata under the South
ern High Plains range from less than 50 to more than 1,000 gal
lons per minute. Highest yield rates have thus far come from 
isolated wells completed in the Antlers Formation in the Causey
Lingo area of Roosevelt County, New Mexico, and from wells com
pleted in the Antlers, Comanche Peak, and Edwards Formations 
in Hale and Lubbock Counties, TexRB. Wens dual1y completed in 
Ogallala and Lower Cretaceous rocks are common in many parts 
of the study area, particularly where the Comanche Peak and 
Edwards Fonnations are weJI developed in the Lower Cretaceous 
section. 

The content of dissolved so1ids m ground water in Lower Creta
ceous rocks is shown in Figure 12. The water is generany charac-' 
terized by eHher a mixed-cation-bicarbonate (mixed-HC03) or so
dium-bicarbonate (Na-HC03) hydrochemical signature (Figure 13). 
However, in areas overlain by saline lakes and the gypsiferous 
Tahoka and Double Lakes Formations (Pleistocene), either sodium
chloride (Na-Cn or sodium-sulfate (Na-SO~) hydrochemical facies 
usual1y prevail. Ground water in the Lower Cretaceous section is 
slightly basic, with pH values ranging between 7.5 and B.5. The 
water is moderately to extremely hard, with equivalent concentra
tions of cajdum carbonate typically ranging between 100 and 1,000 
milligrams per liter. 

AE part of the High Plains aquifer, Lower Cretaceous strata have 
a pronounced effect on regional ground-water movement under 
the Southern High Plains. More specifical1y, the baffling effect of 
Lower Cretaceous clay and marlinterva1s, and the less extensive 
development of porous and permeabJedeposjts (i.e., the Ogal1ala 
Formation) over theareasaf Lower Cretaceous subcrop, serve to 
restrict regional ground-water flow in the aquifer system. As a 
consequence, wen yields and water quality are somewhat dimin
ished in the study area when compared to most other regions 
producjng from the High Plains aquifer. Ponding of ground water 
in the Ogallala Formation behind buried Lower Cretaceous subcrop 
highs is also apparent, particularly in Lea County, New Mexico, 
where updip Ogallala deposits are buttressed against Lower Cre
taceous clay and marl intervals (Figure 6), and in Cochran, Hock
ley, and Lubbock Counties, Texas, where regional. water levels are 
measurabJy offset from adjoining areas to the north and south 
(Figures 7 and 8). 

AJ:, a relatively thin, irregular sheet deposit that decreases in over
all thjckness to the northwest, the Antlers Formation is limited as 
an aquifer throughout much of the study area. Only in western 
and southern subcrop areas where thicker than usual sections 
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Pump Test Data 

occur in erosion channels cut into the underlying Triassic section 
do wens generally produce more than 100 ganons per minute 
from the basal Lower Cretaceous aquifer. 

Stratigraphically, the Antlers Formation is almost everywhere 
bound by underlying mudstone sequences in the Dockum Group, 
and by overlying clay or marl beds in the Walnut, Comanche Peak, 
and Kiamichi Formations. As a consequence, ground water in the 
formation is usually confined, and artesian pressures are common 
to the system. Exceptions occur in areas such as eastern New 
Mexico where numerous uncased seismic holes have been dril1ed 
into the Lower Cretaceous strata, allowing confined ground water 
to leak upward into the overlying Ogallala Formation whi1e de
creasing hydraulic pressures in the Antlers Formation below CAsh, 
1963). 

Regional ground-water flow through the Antlers Formation is gen
erally to the east-southeast in conformance with regional strUc
ture dips. Calcite and more limited quartz cementation, however, 
influences flow patterns through certain parts of the formation, 
restricting and even preventing water movement at some loca
tions. The cementation is only locally well developed, and loose 
sand also occurs within the stratigraphic unit. In fact, unconsoH
dated to Drily weakly cemented intervals in the basal Lower Creta
ceous Formation measure more than 60 feet thick at some loca
tions in southeast Roosevelt County, New Mexico, and in north
west Gaines County, Texas. Another factor that influences Te

gional ground-water movement through the Antlers Formation is 
eroded channel courses cut into the underlying Late Triassic sec
tion. Funneling water in a sinuous east-southeasterly direction, 
deposits in the paleo-drainage courses are particularly well de
fined underparts of Lea and Roosevelt Counties, New Mexico, 
and under parts of Cochran, Dawson, Gaines, Lynn, and Terry 
Counties,Texas (Figure 2). 

The Antlers Fonnation general1y occurs 200 to 350 feet below land 
surface 'under tbe Southern High Plains, and wells tapping it are 
often dually completed in the overlying Ogallala Formation for ad
ditional yield. Actual production from wells completed solely in 
the Antlers Formation .ranges from less than 50 to more than 
1,000 gallons of water. per minute in the study area, with highest 
yields tbus far coming exc1uslvely from wells comp1eted in thicker
than-average sections filling erosion channels cut into the under
Jying Dockum Group in Rooseve1t County, New Mexico. 

Pump test nata fOT wens comp1eted in the Antlers Fonnation var
iesfrom location to location. The specific capacity of one well 
completed in the formation 10 miles south of Whiteface in Co
chran County, Texas, was 1.63 gallons per minute per foot of 
drawdown after it was pumped for 27 hours at a rate of 150 
gallons per minute in 1962 (Rayner, 1963). A cone of depression' 
was caJculated to extend several miles around the Cochran COUTity 
well, .andit was determined that the aquifer possesses very low 
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recoverable artesian stDiage cbaracteristics at the investigation 
site. Similarly, another well inYoakum County, Texas, also indi
cated limited transmissivity values for the Antlers Formation,hav
ing a specific capacity of only 1.1 gallons per minute per foot of 
drawdown while pumping 65 gallons per minute over a period of 
time (Mount and others, 1967). Elsewhere, hydraulic conductiv
ity in the formation is clearly better deve1oped, since some weDs in 
Roosevelt County, New Metico, have produced as much as 1,200 
gal10ns per minute from the Antlers for extended periods of time, 
then have recovered relatively quickly after pumping has ceased. 

Limited analyses suggest that ground-water quality in the Antlers Water Quality and Chemistry 
Formation general1yranges from fresh to slightly saline in charac-
ter, and exhibits either a calcium-bicarbonate or sodium-bicarbon-
ate hydrochemical signature. However, in areas overlain by sa-
line lakes and where the near-surface gypsiferous Tahoka and 
Double Lakes Formations are present, water quality in the Ant-
lers and in the High Plains aquifer as a whole, is diminished, with 
dissolved solids exceeding 6,000 mgll in places, and either sodium-
sulfate or sornum-chloride hydrochemical facies prevai1ing. 

Core, well log, and outcrop data indicate that the Antlers Forma- Regional Storage 
tion under the Southern High Plain~ has an average stratigraphic 
thickness of 15 feet, an average porosity of 15 percent, and an 
areal extent of about 9,000 square miles, suggestjng the formation 
contains approximately 12 million acre-feet of ground water. Ap-
proximately 90 percent of the aquifer underlies Texas, where the 
storage capacity below specific surface drainage basins is esti-
mated as follows: Colorado River Basin, 7,348,320 acre-feet, and 
Brazos River Basin, 3,149,280 acre-feet. It is estimated that ap-
proximately 25 percent of aU ground water stored in the Antlers 
Format:ion may be economical1y recoverable. Fihite replenishment 
rates, overall ·formation thinness, and low coefficient of storage 
values win most assuredly limit any susta:ined,long-term produc-
tion from the aquifer. 

Limestone intervals in the Comanche Peak and Edwards Forma
tions combine to form an effective aquifer system under the South
ern High Plains, especially where the stratigraphic units aTe maxi
mally developed along the southern and eastern edges ofthe study 
area in Borden, Dawson, Floyd, Hale, Gaines, Lubbock, and Lynn 
Counties, Texas. Fi11ing solution cavities, fractures, joints, and 
bedding planes, gTound water in the limestone formations geneT
a11y flows in a southeasterly direction, sometimes issuing at springs 
and seeps along the eastern edge of the Southern High Plains 
escarpment. 
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Pump Test Data 

Stratigraphically, the Comanche Peak-Edwards aquifer is usually 
underlain by the Walnut Formation, and overlain by either the 
Kiamichi or Ogallala Formations. Calcareous shales :in the Co
manche Peak and Walnut Formations generally form an effective 
aquiclude that separates the aquifer from artesian ground-water 
zones in the Antlers Formation below them. In eastern parts of 
the study area, sand and gravel beds in the Ogallala Formation 
commonly cover the limestone aquifer, making the system up
wardly unconfined. The upward unconfmement permits ground 
water to occur under water-table conditions throughout most of 
the area where the aquifer is maximally developed under the South
ern High Plains. 

Producing intervals in the Comanche Peak-Edwards aquifer range 
from leSE than 10 to more than 60 feet thick in the study area, and 
wens are generally designed to accept water under open-hole or 
slotted-casing conditions from the entire water-yielding section upon 
completion. As to be expected, wells completed along zones of 
major fracture concentrations, or in cavernous parts of the section, 
yield substantial1y more water than wells completed in unfrac
tured or uncavernous parts of the limestone aquifer (Figure 14). 
In the study area, surface lineament studies suggest that major 
fracture trends in the Comanche Peak..;Edwards aquifer are ori
ented northwest-southeast, and to a lesser extent, northeast-south
west. The fracture trends are especially wen developed in Bordon, 
Dawson, Hale, Hockley, Lubbock, and Terry Counties,Texas (Fig
ure 14). For additional yield purposes, many wel1scompleted in 
the limestones also dr.aw water from producing intervals in the 
underlying Antlers Formation and overlying Ogalla1a Formation. 

The Comanche Peak-Edwards aquifer usually occurs between 20 
and 250 feet below the land surface along the eastern edge of the 
study area, with the shallowestpaTts of the system being 'located 
immediately acUacent to the Soutbern High Plains escarpment in 
Borden, Dawson, .andLynn Counties, Texas. Wellyields from the 
Teservoir :range from less tban50 to more than 800 gallons per 
minute, with ~higbest production having thus far :come from weH 
sites in Hale and Lubbock Counties, Texas. 

Pump tests show thatthe specific capacity of the Comanche Peak
. Edwards aquifer system varies from one locality to the next, re
flecting the uneven distr:ibution and development of cavity-prone 
Rudist facies, and other pOTousand penneable 'zones in the stra
ti,graphic section over the study area. 1n Hale County, 'Texas, 
where individual wen ,yields regularly exceed 250 ganous per min
ute, five.sepaTate pump .tests have indicated the 'system's specific 
capacity fu be 2,1, 35;3,62.5,22.7, and 5.9 gallous of per minute 
per fooi of draw down, respectively_ Another pump test in Lamb 
County, Texas, showed .a specific capacity of 2.2 gallonsper min
ute 1>er foot of dr.Rwdown for a wen producing 65 gallons:p.er min
ute from theaguifer. Also, a well 'completed solely in the 'Edwards 
Formation four miles east of O'Donnell on t1H~ Lynn":Dawson 'county 
"line was dTawn down only 0.69 foot when pumped at a rate of 810 
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Figure 14 
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frccture. end bedding plcn ... end in 
50lution cavities in the Lower 
Cretaceous Ii.mestone iOTmanon~. 

Study Area Surface Lineation Mop) and 
Block Diagram Inset Showing Ground-Water 

Concentrations in Fractured Carbonate Terrain 
(After Finley and Gustavson, 1981; Lottman and Parizek, 1964) 
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Water Quality and Chemistry 

Regional Storage 

Kiamichi and Duck 
Creek Formations 

Regional Recharge 
and Discharge 

gallons per rrllnute for an hour and twenty minutes in 1950, indi
cating the aquifer's local speciiic capacity to be 1,175 gal10ns per 
minute per foot of drawdown (Leggat, 1952). Significantly, the 
latter well is thought to have drawn much of its production from a 
cavity receiving water from the Ogallala Formation. 

Ground water in the Comanche Pea1:-Edwards system is generally 
fresh to slightly saline and usually has either a mixed-cation
bicarbonate or sodium-bicarbonate hydrochemical signature. How
ever, as in the under1ying Antlers Fonnation, water quality in the 
Comanche Peak-Edwards system is diminished in areas overlain 
by saline lakes, and where the near-surface gypsiferous Tahoka 
and Double Lakes Formations are present. In northeast Gaines 
County,and most of Lynn County, Texas, where numerous saline 
lakes exist and the Tahoka and Double Lakes Formations are 
widespread, the amount of dissolved solids in ground water from 
the Comanche Peak-Edwards aquifer regularly exceeds 3,000 mg! 
1, with either sodium-sulfate or sodium-chloride hydrochemical 
facies prevailing. 

Core, well Jog, and outcrop data indicate that the Comanche Peak 
- Edwards system has an average saturated thickness of 20 feet 
and average porosity of L5 percent, suggesting that the aquifer 
stores approximately 1:5 mi11ionacre..,feet of ground water in the 
8,000 square mile area where it is maximally -developed under the 
Southern High Plains. Essentially aU of the effective storage un
derlies Texas, 95 percent (1,459,200 acre-feet) being located under 
the Brazos River Basin. Full aquifer storage .capacity under the 
Colorado River Basin is estimated to be 76,800 acre-feet. 

In the south~central part of tbe .southern High Plains, where both 
the Antlers and Comancbe Peak-Edwards 'systems are poorly de
veloped"ground water is in places transmitted through thin lime
stone ;and sandstone beds in the Lower Cretaceous Kiamichi and 
Duck Creek Formations. The thin, discontinuous strata have lim
ited yield and storage capacities, and are typica11y separated by 
thickersbale and clay intervals in the stratigraphic section. &
cordingly, wens draw from mu1tiple horizons when producing from 
the Kiamichi and Duck Creek Formations, wjth overall yield usu
ally augmenting larger ,production from the overlying Ogal1ala 
Formation. 

The primary source of natural ground-water recbarge to Lower 
Cretaceous strata under the Southern High Plains is inflow fTOm 
the bounding and overlying Ogallala Formation (Figure ll).The . 
Ogallala Formation, in turn, receives most of its water supply via 
.infiltration ,of sm:facepr.ecipitation, and ,runoff that periodically 
fills playa lakes and other ephemeral drainage systems over the 
study area, a source of limited arid,ofl:.en overdrawn supp1y jn 
recent years. 
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Cross-formational recharge between Tertiary and Lower Creta
ceous strata occurs most readily where saturated sand and gravel 
beds in the Ogallala Formation abut agrunst, or overlie porous and 
permeable parts of the Antlers, Comanche Peak, and Edwards 
Formations. Saturated sand and gravel beds in the Ogallala For
mation, in turn, occur most frequently in lower parts of the forma
tion along paleova11ey courses that were scouTed into underlying 
strata in pre-Ogallala time. 

Under the Southern High Plains, pre-Ogallala paleovalley courses 
are best developed immediately north of the Lower Cretaceous 
subcrop area, and to a lesser extent, over and around certain parts 
of the subcrop area itself. Acting as natural ground-water con
duits in the High Plains aquifer, Ogallala deposits filling the 
paleova11ey courses distribute ground water in an east-southeast
erly direction to, around, and over the Lower Cretaceous subcrop 
(Figure 3). Subcrop exposures of the basal Lower Cretaceous Ant
lers Formation thus receive water directly from the Ogallala in 
Lea and Roosevelt Counties, New Mexico, and in Floyd, Gaines, 
Hale, and Lamb Counties, Texas, where the Antlers Formation is 
best developed. The Comanche Peak and Edwards Formations 
are recharged mostJy along sub crop exposures in Dawson, Floyd, 
Hale, Lubbock, and Lynn Counties, Texas, with joints, fractures, 
and solution caidties providing infiltration routes through the sec
tion. 

Tertiary and Lower Cretaceous ground-water aquifers under the 
Southern llighPlains are also recharged directly and indirectly by 
surface water spreading basins and dual-purpose well systems. 
Smface water spreading basins are generally limited to areas where 
high-permeability sediments occur at or near the ground surface, 
OT where major distributary channel trends are best developed in 
the Ogallala Formation. 

Dual-purpose wens, i.e., wells designed for both subsurface injec
tiOIi and ground-water withdrawal purposes, provide an effective 
means of recharging the High Plains aquifer where low-permea
blIity zones occur between the land surface and the regional water 
table. The wells are generally constructed in and around playa 
lake basins in order to take advantage of ponded rain water on a 
seasonal basis. Life spans of dual-purpose wells rarely exceed 10 
years, with sediment clogging usually diminishing system effec
tiveness over time. 

In use since the 1940's, there were as many as 200 dual-purpose 
recharge wells operating in and around the study area in the early 
1970's, 28 being located in Borden County, Texas. OveraH use of 
the dual-purpose wen recharge system has declined in the study 
area since the 1970's, however, and only a few pump systems 
installed during the 1970's remain operative today. 

Discharge from Lower Cretaceous aquifers in the study area is 
primarily to wen heads in Texas and New Mexico, and to streams, 
springs, and seeps along the Southern High Plains escarpment in 
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Texas. Annual well pumpage from the Lower Cretaceous ground
water system is esbrnated to have exceeded 15,000 acre-feet in 
recent years, although exact figures are difficult to calculate since 
numerous wens oveT the Southern High Plains aTe dually com
pleted in Lower Cretaceous and Ogal1ala sections, with the compo
nent yields from each 'being undetermined. 

Springs and seeps draining from Lower Cretaceous strata in the 
Southern High Plains are particularly well developed in BOTden 
County, Texas, along the Southern High Plains escarpment. There 
are also several springs and seeps along the North Fork DoUble 
Mountain Fork of the Brazos River that dTRin from Lower Creta
ceous strata in Yellow House Canyon, Lubbock County, Texas. 
Yields from individual springs in the study area raTely exceed 10 
gal10ns per minute, except when prolonged rainy periods over the 
plains rejuvenate local systems briefly. 

Significantly, ,Lower Cretaceous strata also discharge some ground 
water into other, bounding formations. In Floyd County, Texas, 
the Lower Cretaceous subcrop is completely surrounded by satu
rated, coarse-grained Ogallala deposits. As ground water flows 
from the Ogallala deposits into porous updip :intervals Jf the Lower 
Cretaceoussedion, :it continues to move downdip, ultimately to 
flow back into the Ogallala system once again. Vertical leakage 
into the underlying Dockum Group also occurs at isolated loca
tions, particularly in parts of Borden, Cochran, Dawson, Floyd, 
and Yoakum Counties, Texas, and in Lea and Roosevelt Counties, 
New Mexico, where coarse-grained fluvial-deltaic deposits occur in 
upper parts of tbe Late Triassic section. 

Wens. completed in the Lower Cretaceous section under the .South
ern High Plains supply water fOT a number of different surface 
uses. Of 250 located wens in the study area,30 are listed as do
mestic or·stockwells, 35 as industrial wells (used 'Primari1y to 
augmentwateruood projects inWestTexasoilfields,and to supply 
glauberandepsoms'altminingoperations), and 180 as irrigation 
wells. The communities of Seminole in Gaines County, Wellman 
in Terry County, Abernathy in Hale County, and O'Donnell in 
Lynn County, Texas, .also draw part of their public water supply 
from wells completed in the LoweT Cretaceous .section,asdo v,ari
ous residents and public schools in tbe Causey Lingo area of Roosev
elt County, New Mexico. 

Spread widely over the study area, wel1s drawing from Lower 
Cretaceous strata under the Southern High Plains are mostly con
centratedinparts of Floyd, Gaines, Hale, and Lynn Counties, 
Texas, and in the Causey-Lingo area of Roosevelt County, New 
Mexico; Undeveloped .aTeasshowingpotential fOT furtheT develop
ment inc1udeparlsofBaiJey, Cochran, Gaines,and Yoakum Coun
ties, Texas,andnorlhern areas in Lea County, New Mexico, where 
the basal :LoweTGretaceous Antlers Formabon.fills erosional chan
nels cut into the tindeTly'ingDockum Group (FiguTe l5).Also, the 
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Comanche Peak·Edwards·Antlers aquifer system appears to have 
potential for further development in east-central Lubbock and 
northeast Lynn Counties, Texas, where fresh-water. recharge oc
curs directly by downward percolation from the overlying Ogallala 
Formation and by lateral infiltration of Ogallala waters alon·g the 
deeply eroded and buried Slaton channel course (Figure. 15). 
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F 
l

I-

t-

r-. 
~ 

I-



!II 
;\ 

.~ 

, . ~ . . i'AW Boring Log" 
Sliaw'" Shaw Environmental, Inc ... , 

Project Name: Project Number: LOcation: 

Drilling Company: Driller: Date I Time Drilling Started: 

I 
Drilling Equipment: Geologist: 

Drilling Method: t==~=;;;.;;..:~ _____ t..-{_-±~e..:::::/:..-__ \l_V _____ ....J BoreholeDiameter: 

V in. Well Depth: IT 

Screen: Dia. 

Casing: Dia. 

Location Description: 

Well Completion 

.. 
- .. 

'-Iv -.. 
- .. --. .. <---

" '---
WS~ 

'--

'----
- -----.. 
-.:.-

"-. .. 
- ---.. 
- --, 

"" SD~ v '---- X 

~ ~ - .. 
- -• 0 

- -.. 
--

55~ -
- ~ .. 
- -.. 
- ~ .. 
- ~ 

btJ~ '-. 

---
'0 

Length: IT Type/Size: 

Length: FT Type/Size: 

Description 

Water Level (bgs): 

first: 

(fuclude lithology, grain size, sorting, angularity, Munsell color name 
& notation, mineralogy, bedding, plasticity, density, consistency, etc. 

as applicable) 

...>.q r'l~ S.! ;.> "':::;' _ It Pry f..-t.. .1, 
('" {el , C, p,;", 1 L·j (h~", '1.' Mart 

IT 

Borehole ill: ~ tv --5 
Sheet ;;(of ~3 

IDate, Time Tot,al Depth Reache< 

I Total Depth Drilled: 

IT 

final: IT 

Remarks 

(fuclude all sample types & depth, 
odor, organic vapor measurements, 

etc.) 

DEPTH = PID READING 

3s t Jd,¥~1' 
PID = '3 -/ QtO f$' , 

PID= 

PID= 

PID= 

PID= 

PlD= 

111.s:, .. ell 

· l-
· 

l-
· 

I-
· t-
· == -

C-
o 

-
· -· -· = · l-
· 

C-
· 

C-
· 

l-
· 1= 

l-
· 

l-
· 

l-
· 
l-
· i= -

i-

· -· 
~ 

· -
,,; 

0 

I-
0 

t-
o 

-
0 

-
· = 
0 

-· 

01.1.006 
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Jv':''';' 
'-,.,,'. .Bor.ing. Log . BoreholeID: ·M·ow --5. 

Sliaw'" Shaw Environmental, Inc. 

Project Name: Project Number: Location: 

Drilling Company: Driller: \ 
1\ ~ 

Date / TIme Drilling Started: 

/ 

Drilling Equipment: Geologist: 

FD;,.:;r;.;;ilI;.;;in:s.g.:;M;;;.;e;.;;th;,.:;o~d:~ ___ ~-.fI~ l ......... --L _________ --I :Borehole Diameter: 

Well Depth: Fr ./ in. 

Scree~: Dia. Length: Fr 

FT 
Type/Size: Water Level (bgs): 

first: Casing: Dia. 

Location Description: 

Well C01Pletion . 

.. 
- .. - .. - ....... .. -

I/' S .. 
:;= 

-.. L -.. - .. 
-

'7" 
.. 

v .. - .. 
- -.. 
- .. 

-
-'J{} .. 
-
-
-

-

Length: Type/Size: 

Description 

(htclude lithology, grain size, sorting, angularity, Munsell color name 
& notation, minemlogy, bedding, plasticity, density, consistency, etc. 

as applicable) 

CI'- .::; "i Y1 / f t .,...... . t + -I PJA ./ t> 

I?,..,. f\, '5 tl f\.< t'rl. v"e 11: {I () ". Y rr /,Il,' pt( (.. < 

FT 

'0 

~ 1 
rIl 0 

'0 rIl 

:5 
t) 

rg 

Sheet.J... of --:7 . 

lDate / Time Total Depth Reache 
I / . 

I Total Depth Drilled: 
Fr 

final: FT 

'" 
Remarks 

. (htclude all sample types & depth, 
odor, organic vapor measurements, 

etc.) 

DEPTH = PID READING · t-
· 

t-
· PlD= t-· I-

== 
"-

· -
PlD= · -· -· = 

-· -
PlD= · -· l-

· 1= · t-
· I-

PlD= · 
l-· 
l-

F 
I-

0 

PID= 
I-

0 

t-
o 

I-

1= · 
I-

0 

t-
PlD= · t-

· t-
· f= 

t-
o 

011.007 

. '. 

~ 



(fl" • • I·" ..... ~, ::f 

.. FiELD ACTIVITY 
SHaw'" Shaw E & I, Inc. -DAilY lOG 

./? )/2-PROJECT NAME: V--C f '-

DESCRIPTION OF DAILY ACTIVITIES AND EV~NTS: 

'j C'/ ~L'p r'·h'-;<'V.b d/'1 _ 0 e-If :00 ~ QA. -.>'/ L J -...) 

t.\~lO

tl\l.S -

J~4/ If A-sf CcJW/~/ J II",; 

C ktf-,,,, j f) T I-v . IVl 

Tb 0 +-

~ I ') frl Qv.<..L 

Pt Vt V'I Y\ ">-7) t'" e.. S' ; L., J 
p.,. , .... ve- ~ = 6 jJ {( 

3] "-

"l •••• '.., , 

C9 DATE 2'- ;;Z- ) (). 
0 
.J 

G NO. 

~ SHEET J OF l 

1 PROJECT NO.: 

I 7. 7 

£j.J A- CHANGES FROM IMPORTANT DECISIONS: VISITORS ON SITE: '--" I I OTHER SPECIAL ORDERS AND 

WEATHER CONDITIONS: 

Ah... t1-o f d clr~~lf;'ty YCJ d 

p~ c" J.d C~{ h'\ -.3 '5'" c:o 

/lIo"'t-

IMPORTANT TELEPHONE CALLS: 

,AJo~ 
01:1008 

~ ,r 6.-::P. SHAW E & I PERSONNEL ON SITE: J~, ....) '....,L. 

SIGNATURE: ~ ".---/ -" DATE: ;7 ;;1./1'22.. 
3270-6-02 
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, 6 MW Boring Log 
Sliaw~ Shaw Environmental, Inc. 

Borehole ID: M /,.; .,. ~ 
Sheet J of ~ 

Project Name: Project Number: 
~Gf2- J)?-

Dri!Jm, Compan~: 

'JTf't7I 1Al9' Co" P 
Sa~ling Device: 

GrAb 

Location: 

Date I Ti!Uf! Drilling Started:IDate I Time Total Depth Reaehe 
;2 - ;,<- / tJ I J $".' P 7J I? -~ .,. I PI I b: 33 

Geologist: \ \ "+ ...J-.e... 107 

Drilling Method: Air' ~ D hi, V Borehole Diameter: I Total Depth DrUled,;, 1.- FT 

Well Depth: 4 r FT \ • ___ ..Jr..~'1.i.1)..!:!W,.:;in:::... ----L------..,.~.~_....;...:'__I 
1 { 'Z. C"" 1'1"' 4f-. Length: v'..J FT TypeISize: O,p;.O WaterLevel(bgs): Screen: Dia. 

Casinlt: Dja. 

Location Description: 

If I \ Length: I P FT Type/Size: ()II L. first: ~ FT final: FT 

Description Remarks 

Well Completion (Include lithology, gmin size, sorting, angularity, Munsell color name 
&. notation, minemiogy, bedding, plasticity, density, consistency, etc, 

as applicable) 

(Include an sample types &. depth, 
odor, organic vapor measurements, 

etc.) 

--.-:.. , 

I~ ~ ....J 

- J .w 
.-/ - ~ .w 

- --' .w --
If 

~ 

\.5~ ---
~ 

-.... 

V\ 
s-

C9,()~O.S' 

&,$ -q,o' 

11..0 \ .. <. ~~ .. ;! .. L£~LJ v-./ ("fA I" I.,. (,. f 

~/"I-vl is/.. ~_ L, l-r.. j)", ""p~ 

DEPTH = PID READING 

P1D= 

PID= 
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-
-
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I-

I-

r-· F 
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1= 
~ .;?, ~ .-> ~ I-

-:.- ~ .. - ----.. -- ~ .. .... 
I~' 
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~J~ ---' 
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---' - -t .. 

, 

, 

, 
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t;;(V'$_ 
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, 

3U.() -

<;, A,A .. Mo,t.. Cel-t.v'\tCA t ,0:3'\ • V. 
~, 

~.A.A . H v\/' ~ 

S. ~.~ . - \(\t1,(t. 
'\-c,,,\ 

C ItA Y ((,..t...:h's", 

PID= 

PID= 

PID= 

I-

I-

I-· F 
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t
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r-
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, 6· MW Boring Log 
SHaw'" Shaw Environmental, Inc. 

Borehole ID: MA L--- ] 
Sheet ~.of ~ 

Project Name: Project Number: Location: 

Driller: Date I Time Drilling started:1Date I Time Tot;l Depth Reache[ 

____ ~~ ________________ ~ __ _4+_----~tl~------~--------~/~------L-------~--------1 
Drilling Company: 

Drilling Equipment: /' Samp~ fg I)l:.vice: I \ 
/ .., ~ . 0\ / 

Geologist: 

fD;;.:r~il::::.:lin~g,-=M=et;;.,;h.;;.;od;;.,;: ____ ~--:~~ l.:..l::(!./::..-_...:..._LJ.:..-......:~:..... ___ -I Borehole Diameter: 

Well Depth: FT V in. 

Screen: Dia. 

Casing: Dia. 

Location Description: 

Well Completion 

-
-
-
-

3f~ 
-
-
-
-

-
-
-

4(~ 
- .. 
...:-.. 
- .. 
-

rt?~ .. 
- o. 
- .. 
- .. -5 .. 

~=::= 
- .. - .-- .0 
-

Go~ 
- .. 

Length: 

Length: 

Ff Type/Size: 

Ff TlilelSize: 

Description 

Water Level (bgs): 

first: 

(Inolude lit:iKllogy, grain size, sorting, angularity, Munsell color name 
& notation, mineralogy, bedding, plasticity, density, consistency, etc. 

as applicable) 

l-I...,,·J 5"11 I <,,,,,{-cd S;,d, f dY' ./ ",,/7r7.5 I, 

a "-~} ('.0"'"- d #,. J".,;;. 'J t''';/.I .5 
+. ~,.. $.nt1 ~u/~1 v 

FT 

I Total Depth Drilled: 
Ff 

final: FT 

Remarks 

(Include all sample types & depth, 
odor, organic vapor measurements, 

etc.) 

DEPTH = PID READING 

PID= 

PID= 

PID= 

PID= 

PID= 

PID= 

01.1.010 

· 
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· 

r-
· 
'-
· 

r-

= · -· -· -· -
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· --
· 
~ · 
f-
· 

!-
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i-
· -

= --
0 

-· 
I-

0 

l-

f=: · 
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0 

-
0 

-
= 

0 

-
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~ 
Sl1aw" Shaw E & I, Inc. 

FIELD ACTIVITY 
DAILY LOG 

C9 
0 
-1 

?::i 
~ 

DATE .2 3 l,rz; 
NO. 

SHEET I OF J 

PROJECT NAME: ~(Iv I I /'2 I I I PROJECT NO.: t J70t/S; 

DESCRIPTION OF DAILY ACTIVITIES AND EVENTS: J 

[5:"50- d'n~s,·I'C....--. D,,',.,r-t- ~l' c./,-)I U 

&':)./ () - M.(. t- it-BQ 

?;..- ~+(#lh.! h 
c t..; ..... e...,.;.., , o )/ -1 (,? \...- 5' C. ~(t.,p t7 h ~ lA-, ;;) 

J 1;;2, V~r Y lr-tA I 

J 
'9 </ ~ ~ J f..-p-n (" 

+OV ~A-

t l~ ~ <:/ - (-\~ \5. k.L Dr ;\\;\ "'-J /vi l,./ - 2-
- {J" 1&1 IL f'v".- L~,~ 

- ~ ...,( Fr~~ / '- .... cL-. u J "'''' ., ~ '\J i-< (I <;;. .. ~ 
A S 1'V'r:..c:-L &l.--S' fl~ s<;;~T,Ic- 1~""-- ra. ~ Y\ 

l 

14.'19;) - 1. to. '2> -ff-s t ~ :1-_ 9 ~I- I~JeS; 
itt; CfS - j. b. !z, "'{Ie "'">-s; Ie: " Sl-r""",~ 0 ;;'r.--<;, ,',k. S' 

(!)Vle. - S"tll.-,CCL CJ U-b)~ k " 

"-
Ca.( J ~, l-' "'- ut?y 

SPECIFICATIONS, AND 
CHANGES FROM PLANS SANADND IMPORTANT DECISIONS: 
OTHER SPECIAL ORDER _ /' 

- cL,.""1J~ L-e 1/ )JD.-- (0 

VISITORS ON SITE: 

IMPORTANT TELEPHoJ\lE ~ALLS:' " WEATHER CONDITIONS: ) I 

Jr lV\ - \JJ I Y ~ -\-- {o c· 3 j ~~"I? IVD'--~11.01 ~'.' "";', ,_ 
~ \V\ 0Qry ~ 1- Cd l~ ~C/ _J .. _" 

,..-.--- '"""' ~ S. SHAW E & I PERSONNEL ON SITE: •. --",} • e:::- , i 0 " ." 
.~~ ./ SIGNATURE: ~_ DATE: - 3270-8-02 
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, ~ MW Boring Log 
Stiaw'" Shaw Environmental, Inc. 

Borehole ID: ~'\..., - ~ 
Sheet 1 of 2-

Project Name: 

'v---c- JZ \ \ ~ 
Dril9flg Company: 

(c..,~ \ ""-'-> \, 
Date I Time Drilling Started:1Date I Time Total Depth Reachel 

~ - 3 - ) f) / ) i) : ) 1), ::?~] -I "I I I '3D 
Drilling Equipment: 

S)"vr 30]/", 
Sampling Device: ( 
"}j~ / l)IVcb 

Geologist: _) _ e \ \ -: 0 +- T 
t'D--"r.:;;;;iIl"","in,,,,"g..;;..M_e_th_o_d:-==-~ _____ J--_________ -I Borehole Di,~eJer.: I Total Depth DrilledS: /' IT 

Well Depth: s:s IT -b)4 m. ..-\' Yl ~ _____ ~~~ ___ -L ______ ~_~~-; 

Screen: Dia. 

Casing: Dia. 
it \' Length: ~1) IT Type/Size: f3~")4) Water Level (bgs): , 

-, Length: 1$ FT Type/Size: b v 1- first: .$ / ,.{ IT final: IT 

Ulcation Description: 
, I ;;L 

£ 
P-o 

Cl 
.. 

- .. / 

- i'-' 

- .. ~ 
-

<;~ '" 
- '\ .. 
- .. 

i -
- )t 

) D. .• h 
:y .. 
\ -

- \ -
'--\ .. 

~~ 11 -
....:.- / 

.-

-
-

-
-

-:s o~ 
-

Well Completion 

r--
" 
'" 

'" 
'" "\ 

f 
~~ 

\ 

' '\ 

\ -
- , 

----.. 
! 

""-

-

Description 

(Include lithology, grain size, sorting, angularity, Munsell color name 
& notation, mineralogy, bedding, plasticity, density, consistency, etc. 

as applicable) 

Remarks 
'0 
1l 

~ ;;. (Include all sample types & depth, 
o til 

- til odor, organic vapor measurements, -B U ::i ;g etc.) 

DEPTH = PID READING 

PlD= 

PlD= 

PlD= 

PlD= 

PlD= 

PID= 

i= 
r-

· i= 
r-

I-

1= 
I-

· t= 
I-

to-
· 1= 

I-

to-

r-
· F 

r-



, ~ MW Boring Log 
Stiaw'" Shaw Environmental, Inc. 

I 

I Project Name: Project Number: Location: 

Drilling Company: /" Driller:: I 0) I V A1ii'te / Time Drilling, Started: 

Drilling Equipment: L~ ~mp1ing )evice: /"" Geologist: 

fD;.;;r.;;;.ilI""in;;l'g.;;;.M.;;;.e.;;;.th""o..;;d.;..: ______ ,/_.1-_________ -1 Borehole Diameter: 

Well Depth: IT in. 

Screen: Dia. 

Casing: Dia. 

Location Description: 

Well Completion 

-
-
-
-:J .. S=::: 
-
-
-

.I.[r- -::-
'~ 

- ., 
- .. 
- .. -

tf;.s~ - .. 
-:.-.. - .. -

YJ~ 
- .. 
- .. 
- .. 
-

;r5~ 
- ., 
- .. 
- .. 

~=-- .. 

Length: 

Length: 

IT Type/Size: 

IT Type/Size: 

Description 

Water Level (bgs): 

first: 

(Include lithology, grain size, sorting, angularity, Munsell color name 
& notation, mineralogy, bedding, plasticity, density, consistency, etc. 

as applicable) 

$0.0,,.,.51,5' ~rlJl/S'I'I+- )·I"I¥~)\(J<L 
\p..H': e,)t?t'j Jeh'f~. <2\I-.y' 
b(~yi7J,. -+~" \ $\ \ t- Qi "kh; h. 
j~V'-, 

{J·5 - Slo ,i?1",Js)-d~·~ DK 
~ 

~ y...l" ) {\'UI..' V\oel lYVe.l 
~ 1'..,\ Y\ S ~ V.... \A.{...+-

.££. V l ~ -OK fttL, ~ li.S3-~L J 

~ f )J~ (\ . ""'-t~ . ~ \ ,{.·h"ol.£ J 1J ('\/ I 
D,L '::lOA ~ :::;6. O'~--"':"'/_--j. 

IT 

Borehole ID: ------
Sheet ::2 of '?-.-

I Date I Time Tot/al Depth Reache 

I Total Depth Drilled: 
FT 

final: IT 

Remarks 

(Include all sample types & depth, 
odor, organic vapor measurements, 

etc.) 

DEPTH - PID READING 

PID= 

PID= 

PID= 

PID= 

PlD= 

PID= 

0:1i.Oi3 

. 
= 
-
-
-
-
= 
-
-
-
. 

F= 

c

o-

= 
-
-
-
-
f= 
r-

(7 



~ 
Sliaw'" Shaw Environmental, Inc. 

MW Boring Log 
,$' 

Borehole ID: M V ,~ I 
Sheet I of ~ 

l Project Name: 
VI-~(L -II -?-

Drilling Company: 

<+-r tll·"\ b {() I P 
Drilli,....~quipment: 

~~( '3oK 

Project Number: 

Dr9ter: 
\<., 5+/~""'b 

Sampling Device: 
GrPlb 

1'>1, I • . \ 
Loeation: 

Datel Ti,me Drilling Star,tP,d: IDate I Time Total Depth Reachel 

')..1';. / 110 / !JJ I I 

Geologist: + \'If.J I 

' \. ..L \ i D.,.,,-
I=D;;;.ril::.;l::.;in:5!..g =;;M;;.;;.et=;;h.;;.;od;;.;;.: =-,/l~:'..;..(_(lL;:';.w...; ri\o=j\.~IJ"--.L-. ________ ---1 Borehole Dia~.:~er: Total Depth Drilled: 

Well Depth: GOff ' J-__ --'=t:::..;:q~..!!in.=-__ .l_ _______ ..:FT_=____I 

Screen: Dia. A- \1 Length:Jt~ FT TypeiSize:d • Ail 0 WaterLevel~""s'i/. 
Casing: Dia. .tt I \ Length: I $ FT Type/Size: fv L first: t?::,,!, Ff 

Location Description: L . Il 
t:1. \ h. "").? r t' (.) t'V" l y IV t bo / 10 Plt:-h 

.. 
-
-" , 

-
'$ ,-

c~~.\ 
T _ 

", '.,-.. --.. -
lD~ 

- .. 
- .. 
- .. -

15~ 
- ., 
-:..-.. 
- ., 
- .. 

P-O==::= - .. 
- .. 
- .. 
-

.J5~ -.. 
- .. - .. 
-

3v,~ 
-

I 

Well Completion 

.. 
" 

II 
Description 

(Include lithology, grain size, sorting, angularity, Munsell color name 
& notation, mineralogy, bedding, plasticity, density, consistency, etc. 

as applicable) 

/' I "-
t..tJ -\l.b 

I 
\I. () - 13.0 \ 

13, 0 ~ • /(. () \\ 

1(. ()-\-/~. o· 

.' 30 .. 0 S. A. A. V. I~ A..L • 

final: FT 

Remarks 

(Include all sample types & depth, 
odor, organic vapor measurements, 

etc.) 

DEPTH = PID READING 

PID= 

PID= 

PlD= 

PlD= 

PID= 

PlD= 

· fo-

· 
fo-

· 
fo-
· 

fo-· 1= 
fo-
· 

fo-
· 

fo-
· 

fo-
~ 

1= · fo-· l-· l-· l-· 1= · l-
· 

l-
· l-· I-

1= -
I--
I--
l-· I-

1= · I--l-
· l-· I--

F: 
I--



# •• 6· , .... ' 
'., Sliaw'" Shaw Environmental, Inc. 

MW:Q)oring Log 

\ Project Name: Proj«lt Number: Location: 

A 

Drilling Company: Driller: Date I Time Drilling Started: 

I 
Drilling Equipment: Sampling Device: Geologist: 

a:D;;.;r.:;;;iII;;;;in;o:g..;;.;M..;;.;e;.;.th ... o ... d: _______ J...-_________ -I Borehole Diameter: 

WeD Depth: FI' in. 

Screen: Dia. 

Casing: Dia. 

Location Description: 

WeD Completion 

.. -.. 
-

" - .. 
-

35 ==::= - .. 
- .. -., 
-

Wo~ 
- .. 
- .. 
- .. -

15~ 
- ., 
....:-.. 
- .. 
-

~O~ -.. -.. 
- .. 
-S .. 

)'====:=:= 
- .. 
- .. 
- .. 
-Go = 
-

Length: FT Type/Size: Water Level (bgs): 

Length: FT TvnelSize: first: FT 

Description 

(lnolude lithology, gmin size, sorting, angularity, Munsell oolor name 
~.~tion, mineralogy, bedding, plasticity, density, consistency, etc. 
%iJ.1I~ as applicable) 

'"3~' .. 5.3' -~3~ t> \ 

31f.tl~ 31,;J \ 

.It 1 /- 1/4. [) I 
1../4. r/_# s: p \ 

Borehole ID: M iv -)( i 
; 

Sheet-2 of ~ 

IDate I Time Tot;l Depth Reache 

., Total Depth Drilled: 

Ff 

final: FI' 

Remarks 

(Include all sample types & depth, 
odor, organic vapor measurements, 

etc.) 

DEPTH = PID READING 

PlO= 

PID= 

PID= 

PID= 

PID= 

PID= 

-
-

."':" 
• -· = 
-
-
-
-· = 
-
-
i-
· 1= 

l

I

l

I-
· 1= 

I-

I-

1= 
l

I-

I-

1= 
I-

,<, 
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Stiaw'u Shaw E & I, Inc. 
FIELD ACTIVITY 

DAILY LOG 

C9 
0 
...J 

~ 
~ 

DATE ;;? 
NO. 

SHEET! 

PROJECT NAME: W-c: f< / / z I PROJECT NO.: 

{/ 

OF 

FIELD ACTIVITY SUBJECT: f1.;J tv I:nS ~ ~ l£;,. f J tUYl - /.,-v-e I l nt. {/t /(ly:Y ,./I-'t(? rL I-
DESCRIPTION OF DAILY ACTIVITIES AND EVENTS; v 

-' W; '30 -- "h ~ S'I' J- . 'C)('A-/ TA /'1 ~ ~ k -zt j-IAsP c c> 1//"( J, 
- ~ ~ '3> 0 -- s.J rt:-t "",l ) I c~Q c:;._.1 S Act I,.-..- trM _" I' LIft!'- ~.f- ~~ 

/I.? ~¥'k""Y'-J -h te..Js p' wi! dt'Irf'~t1A.r,",-.L 
-'70 j ? 3 '- () II -:::<. ' I 

I") / 'j , ~ "--F C?.A - S'" I ~ 

-/I~'3P" - )-i: 1+-/..,,, J4~ C-VYl-/J)t:'~'-;l-7r 
-.) f'" "'~L 

130b P /T~ L=.& '\ 6(' 1\,....., t I. J L . J J J "'v'h!";v,'t"~ 
..- L 

Mw_(;, 

IVJtv_ :3 
f\.1 L-,.... - 2. 

;( /, 0 L 

.:(/. 3~ 
~;;;. -;1 4 

TL£~ c::t .,t!-.,c ~ S'" ) • ) 
~ . 

..?-"c-~ 

Jo 

I 

VISITORS ON SITE: / 

).J~ L---$ J1--t 'l d'/ « 

CHANGES FROM PLANS AND SPECIFICATIONS, AND 
OTHER SPECIAL ORDERS AND IMPORTANT DECISIONS: 
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EXPLANATION 

8 
Alluvium 

Includes low terrace deposits along streams, and sandy silts on pediments locally modified 
by sheetwash action 

ttJSd . 
Osu 

Os 

Windblown sand 
Sand and silt in sheets, Qs, locally includes cover sand; dunes and dune ridges, Qsd; and sand 

sheets, dunes, and dune ridges undivided, Qsu 

8 
Gypsite 

Granular gypsum, white to light gray, of several ages 

I Oau I Oap I 
.. Alluvium and other Quaternary deposits 

Intimately associated alluvium and Qao deposits undivided, Qau, in dissected areas 
Siliceous and igneous pebbles in deposits of uncertain age, Qap, in valleys of Toyah Creek 

and Barilla Draw 

Fluviatile terrace deposits 
Gravel, sand, and silt; gravel, commonly with. pebbles and cobbles of chert, quartzite, 

igneous rock, metamorphic rock, caliche, and at higher . levels abraded Gryphaea; 
quartz sand, crossbedded to massive, lenticular, reddish brown, pink, gray to light 
gray. Contiguous terraces of different ages separated by solid line 

G 
Playa deposits 

Clay and silt, sandy, light to dark gray, in shallow depressions; those of Wisconsinan age 
usually covered by thin deposit of Recent sediment 

Note: Water in depressions notshown 

Pond deposits 
Gastropod-bearing sandy silt and silty clay, gray to light gray, deposited in ponds and 

shallow swales, locally may include Tahoka deposits 

Pleistocene surficial deposits undivided 
Brown and grayish-brown silty sand and sandy silt deposited as broad, gently sloping sheets 
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Oao Ogt 

Other Quaternary deposits and Toy Limestone 
-------~--.. --- ---- .. ---- --Other--Quaternary deposits, Oao, in eastern and centrq] areas, mostly boulders, cobbles, and 

pebbles of Cretaceous limestone and chert, locally overlain by brown silt, probably 
equivalent to "053" of Seymour Formation of Abilene, Big .spring, and San Angelo 
Sheets. In western area includes material from a greater diversity of sedimentary and 
igneous formations and includes alluvium, colluvium, caliche, and gypsite on surfaces 
dissected by modern drainage, equivalent to "Old Quaternary deposits, Oao," of Van 
Horn-El Paso Sheet 

Q) 

~ 
Q) 
u 
o -.... ...... 

I=>.; 

Toy Limestone, Ogt, fresh-water limestone near western boundary of area; may be older 
than Oao; thickness 30 feet 

Tahoka Formation 
Lacustrine clay, silt, sand, and gravel, locally calcareous, selenitic. Clay and silt, sandy, 

indistinctly bedded to massive, weakly coherent, various shades of light gray and 
bluish gray, reddish brown. Sand, fine- to coarse-grained quartz, indistinctly bedded to 
massive, friable, gray, grades to gravel at margins of deposits. Molluscan fossils. 
Thickness up to about 40 feet (Wisconsinan) 

Caliche 
Caliche stripped of covering materials mapped separately; several ages; thickness up to 35 

feet 

Windblown cover sand 
Fine- to medium-grained quartz, silty, calcareous, caliche nodules, massive, grayish red; 

thickness 20 feet, feathers out locally (mostly "Illinoian, may include younger deposits) 

Gatuna Formation 
Sand,marl, conglomerate, gypsum, silt, shale, and limestone. Sand, fine to coarse, yellow, 

yellowish to reddish orange, brown, ted, pink; locally with worn Cretaceous fossils. 
Marl, gypsiferous,.green,gray,pale olive,pinkish, red. Conglomerate, pebbles of chert, 
quartz, quartzite, limestone, and igneous rock. Gypsum, laminated to massive, gray 
and red. Silt and shale, red, darky()l1ow-orange, green, purplish. Limestone, locally 
with chalcedony. Thickness 450 feet; included in "Bolson deposits, QTb," on Van 
HorneEI Paso Sheet . 

Ogallala (?) Formation 
Basal conglomerate of Triassic and Cretaceous fragments locally overlain by fine pink 

sandstone; caliche caprock; occurs in Odessa-Midland area mostly in gravel pits; 
maximum thickness about 20 to 25 feet 

Extrusive igneous rocks 
Tuff and basaltic flows 

1.3 003 

>cr. 
e::( 
z 
cr. 
w 
l
e::( 
:::> o 

>a: 
e::( 

I
a: 
w 
I-



Gulfian rocks undivided 
Marl, shale, and argillaceous limestone. Probable correlation with Central Texas units

Taylor, Austin, ancj upper part of Eagle Ford; thickness 300 feet 

BoquilIas Limestone 
Limestone, marl, and shale, flaggy, light gray, light grayish orange, dark grayish orange near 

base; upper and lower parts only crop out within area of Pecos Sheet 

Kbu Kw 
Kbus Ks 

Kbs 

Kfr Kft Kbl 
K bsf 

Kf Ka 

Washita and Fredericksburg Groups 
Euda Formation, Kbu; Eoracho .Formation represented by San Martine, Kbs, and Levinson, 

Kbl; Limestone Members; Finlay Formation, Kf; Euda Formation and San Martine 
Member undivided, Kbus, and San Martine Member and Finlay Formation undivided, 
Kbsf, in collapsed areas; Washita Group, K w; Fredericksburg Group, Kfr; Segovia 
Formation, K s; Fort Terrett Formation, K ft; and Antlers Sand, Ka 

Euda Formation, Kb u, limestone, upper 40 feet, very hard, thin to thick bedded; middle 60 
feet, argillaceous, thin to thick bedded; lower 40 feet, bioclastic, coquinoid; thickness 
140 feet 

San Martine Limestone Member, Kbs,.argillaceous, thin to thick bedded, thin interbeds of 
calcareous shale; prominent 30-foot ledge at base in some localities; marine megafossils 
throughout; thickness 230 feet 

Levinson Limestone Member, Kb I, limestone, marl, shale, and sandstone. Upper two-thirds
limestone, thin to thick bedded, light gray to light olive gray; interbeds of yellowish 
marl and shale. Lower one-third-shale, light to dark gray; a few thin to thick beds of 
limestone; sandstone locally near base. Abundant marine megafossils include species 
found in Kiamichi, Duck Creek, and Fort Worth Formations of North Texas; thickness 
150± feet . 

Finlay Formation, Kf, sandstone, sandy limestone, and massive coarse-grained limestone; 
thickness 15 to 40 feet, thins northward 

Washita Group, Kw, lime tone and marl. Limestone, mostly in upper part, massive, fine to 
coarse grained, crossbedded calcarenite locally, minor marly limestone, white, gray, 
yellowish gray; forms ledges; abundant rudistids and other molluscs. Marl, in lower 

. part (locally gypsiferous), thick, dark greenish gray, gray; weathers yellow; abundant 
molluscs, Gryphaea navia at base; grades . to limestone along eastern boundary of area. 
Thickness 230 feet . 

Fredericksburg Group, Kfr, limestone, dolomite, chert, and minor marl. Limest';ne, nodular, 
aphanitic, marly, gray, yellow, white, pink. Dolomite, fine grained, gray. Chert, in thin 
layers arid nodules. Marl, locally gypsiferous, gray, yellowish gray. Abundant Exogyra 
texana, some beds made almost entirely of Gryphaea sp. Thickness 135 feet 

Segovia Formation, Ks, cherty limestone and dolomite; limestone, miliolid" shell fragment-, 
and rudistid-bearing, light gray; dolomite, massive to thin bedded, porous, medium 
brownish gray; in lower part, miliolid limestone and marl, and marly limestone, light 
yellowishgray. with Exogyra texana and o:x:ytropidocerid ammonites; basal 50 feet 
crops out within area of Pecos Sheet, thickness nearby on San Angelo Sheet 300 feet 

Fort Terrett Formation, Kft, limestone and dolomite. In upper pru·t-cherty limestone and 
dolomite; limestone in pru·t porcellaneous, aphanitic, in partmiliolid-, shell fragment-, 
and rudistid-bearing, light to dark gray; dolomite, medium brownish gray. In lower 
part~limestone, ru'gilJaceous, thin shale intetbeds, nodular and in-egulru'ly bedded to 
thick bedded, light gray, grayish yellow, yellowish bl'Own; marine megafossils. 
Thickness 120 feet 

Antlers Sand, Ka, sandstone, fine to coarse grained, white, gray, tan, purple, soft, friable, 
commonly crossbedded, upper part calcareous, silty; thickness 90 feet 
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8 
Cox Sandstone 

Mostly sandstone, fine to medium grained, thin to thiel, bedded, crossbedded in parL, pebbly 
in part; interbeds of silty marl and quartz-pebble conglomerate; outcrop ,thickness 40 
feet, base not exposed 

~ 
Dockum Group undivided 

Shale, siltstone, sandstone, and gravel; mostly shale and siltstone, micaceous, thin bedded to 
massive, red, reddish brown, dark yellow-orange; sandstone, fine to coarse, red, brown, 
gray; gravel, vm'ious colored chert pebbles; thickness 275 feet. 

G 
Dewey Lake Redbeds 

Siltstone, sandstone, and clay; siltstone and fine-grained qum·tz sandstone, reddish orange, 
reddish brown, brownish yellow; clay, silty, red, grayish green, gypsiferous, numerous 
thin beds; exposed thickness 40 to 50 feet 

a 
Gypsum of Rustler and Castile Formations undivided 

Gypsum in collapse structures, white, banded with thin layers of brown calcite; brecciated as 
much as 30 feet below the surface; mostly from uppermost pm·t of Rustler Formation, 
maY'inelud~ gypsum and 'limestone residual from Salado Formation 

Rustler Formation 
Limestone, siltstone, sandstone, gypsum, marl, and clay. Upper part-limestone and 

dolomitic limestone; thickness 50+ feet. Middle part-siltstone and sandstone, 
yellowish gray; thickness 50 to' 70 feet. Lower part-siltstone and fine-grained 
sandstone, thin to medium bedded, red, interbeds of earthy to sparry red gypsum, a 
few beds ofred and greenish-gray marl and cla:\7. Thic1mess 50+ feet 

VIRGIL E. BARNES, PROJECi· DIRECTOR 

Geologic mapping mostly by G. K.Eifler; Jr., Bureau of 
Economic Geology, The University of Texas at Austin, with 
contributions gratefully acknowledged from Shell Develop· 
mentCompany, Cities Service Petroleum Company, and 
sources shown on Index of Geologic Mapping. Geology 
compiled on high-altitude aerial photographs by G. K. Eifier, 
Jr. Map scribed by J. W. Macon. Geologic mapping reviewed 
by J. B. Brown, West iexas Geological Society, -Geologic 
Atlas Committee. 
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. A:BS'I'RAcr 

Thecalithe pr~jj]es on' theJ;DU~ High PJ~in5,'i'b.sand ~tem:New MmEO, are of Pliocene, Pleisto
ceoc, and Holocene age./!'he Pliocene calichei!;.colloq$lllyknPWll as the "caprock." Difierences in age, 
p1!ysicaHactoXli, IIJld·chemistryallow classifica.tion of thecaliche.iIi.tbytJung, nmtlire, and old types. You:ng 
ca1ichda inco;mpc~t"andpowdery except when fonned as a..lamina.ted. zone over an underlying plugged 
proffie. MatuIc caliche is t:baractcristic:al.ly nodular, gradiDg downward i-nto old caliche which contaim 
cllagj:Iletic quam. Massive. calichesfoIIO on semiarid, rapidly aggnuiing;:flat surfB.ces of desert loess (regional 
eolian. SIIJldergs), ontblc:k ca1ca.reons SIIJlds providing local clima.te:lluctuates between humid and semiarid, 

. and on ncarw&l1riace <:a+'bQnatc·rOcla;. The base and' sriquential development. of ~ caliche, regardless of 
pa.reot materia.!, a:re deteri:iilnea: by atentllJld amount of infiltration Qf ",atei during hUmid pcrioda following 
accumulation lif calca~WilDess, pecneability ofthe.pa.rent :matcril!l, D.lld::mpidity.ofplugging in the caliche 
. profile. Caliche IIJlticlines,oT'upansion stl1lC~res, ioI'lll onl,. iIi. ·mature·calicheor preexisting carbona.tcs 
due to expansion of the entirewne ca.usecI "by :filling of horizontaJ and vertical desiccation cra.cks by vadose 
silt and. calcareous drlpstone. The horizonta.l desiccation aacks are .tctmed"bupkle cracks!' The most 
intenBC e;pansion stmCtliTeS"fon:o on interbedd.ed laGUstrine clll.y5 and sands; however, isolated structures 
due tci,other causcs,auch as,solution and cOllapse, injection of lacustrine. claYs; or structures which antedate 
the caliche, also e:nst:lnduration of the uppci part oia thic:kcalicheresultsmainly from exposure, induration 
of the lowerpart"of the profile-zesulting frOIll,deposition Qf diagenetic: qua.rt:zand carbonate. 

INTRODUCTION AND l'ERmNOLOGY s~eral mvestigators, themost'notable being 
The southern High Plains, or Llano Esta- Priceet al. (1946), EretzandHorberg (1949a, 

cado, isa.n jsolated, 30,OOO-sq.-mileremna.nt 1949b), Erown (1956), van Siden; (1957), 
of the R()cky Mou:ritaln piedmont plain 10- and Price (1958), but no studies' of the local 
cated southo! the Canadian River and east . Pleistocene calic:hes are kncnvn.and Holocene 
of the Pecos River in eastern New Mexico. caliche has only been briefly discussed in 
arid west Texas. The" area, which receives Soil SUrvey Reports. . 
about 1~20inch.esof a.nnualprecipita..tion . The cha.racteristic carbonate horizons of 
a.Il,p w:Qtc4..has a mean annual temperature semJa.rid regions a.recammonly knoWIl as 

"aroUiiCf600i';-is ppundedonthree sides .by "ciillche," whether oillya few inches or. over 
a steep esca.Ipment of Pliocene "caprock." 4Q:"Jeet thick .s.no-'Whet,her friable or indu
caJichejpl. 1A), but merges to the south rated, Lamplugh (1907) suggesting the teIIll 
"With the Edwards Plateau. Caliche profiles .. "calcrete" iQ:r the indurated types. Caliche 
also exist on Pleistocene and Holocenelacus~ forms in the C. soil horizon (Soil Survey 
trine andeoli.a.n sediments; thus ages of Staff 1962); thus norm.6l soil horizon ter
isol.ited caliche exposures in ·the .area are minology wasusedm discussing caliche pro
often difficult to detemrine. files until Glleet al. (1965) proposed K-hori-

The Pliocene "caprock." ca.lic:heJofthe zan (fram the Getman Kalk) terminology. 
southern High Plains has been studied by DiviSion of a caliche profile into Kl, K2, and 

K,3 horizons is based on percentage of K-
1 Manuscript received May 19, 1969; :revised No- fabric,in which fine-grained, authigenic car-

ycmbcr-i4;--i96!h-":"~ . ""'; bonate OCCUIS as a continuous medium. Be-
I ln~tiona1 c::ent~ far Arid and Semi-AI?-!l/ cause massive caliche profiles such as the 

Land Studies Contribution no. ?L--.---- caprock are so geographically extensive, 
UOUIDlAI. 01' GEOLOGY, 1971:1, Vol. 78, p. 352-362J massive, and obvious ill the semia.rid to arid 
@ 1970. The UDivcnlty of ~. All ziJhb =-L regions of the world, I find terminology dis-
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tinct from the usual soil-zone terms useful; deposition in shallow lakes (Elias. 1931; 
however, reference toK-horizon definitions Theis 1936; Frye 1945), deposition of car
pz:ovesto be,Jor the geologist, timeconsum~ •. bonate by'streams (Trowbridge 1926; Price 
ing and n(}t.always cor;relative with physical et al. 1946), deposition by rising artesian 
andgeological:attributes of the caliche, par-' ground water (Blake 1902), deposition by 
ticularly because K-terms. are horizons with capillary rise of ground water (Lee 1905) I 
variable mOI"Rllology. (L. H. Glie, written deposition by a regionally rising water table 
communication".1969).imdtannot be related (Theis 1936), and various combinations of 
to. relative age of development. K-honzon. the preceding (Lee. 1905; Breazeale and 
terminology is also confusing when trying to Smith. 1930; Price et al. 1946) also have been 
relate to Butler's (1959) development of proposed for the caprock of West Texas and 
UK-cycle" data. fram study of Australian for its extension northward into Kansas and 
soils. Because K-honzons are formed by Nebraska. 
"progressive carbonate accumulation" (Glie 
etal.,1966), a classiiication of caliche based 
on progr~ive development, physical and 
chemical features! and utilizing long~sta.nd
ing accepted.geologicai terminology is there
fore proposed. 

PltEVIOUS WORE 

Udden (1923) :first called attention to the 
caliche esca.rpment of the Llano Estacado, 
and later Sidwell (1943) studied the cap
rock; however, it was not until the Price et 
al. study (1946) tha.t origin of the caprock 
became 'of general interest. 

Caliche (caliche = calix = lime) profiles, 
though of various thicknesses and types, a.nd 
though common to all semiarid regions of 
the world (Glinka 1914; Price 1925, 1933; 
Woolnough 1928,1930; Miller 1937; Dutoit 
1939; Rutte 1958; Welte 1962; Reeves and 
Suggs 1964; Reeves 1968), have seldom been 
classified, mainly because of debatable ori
giD.s (Theis 1936; Sayre 1937). The most 
recent studies of the caprock (Bretz a.nd 
Horberg 1949a, 1949b; Brown 1956; Price 
1958; Arista.rain 1962) suggest formation in 
the C.,. soil zone, Gile et al. (1966), Hawley 
and Gile (1966), and Ruhe (1967) factually 
illustra.ting the pedogenic origin for a cor
relative caliche profile in southern New 
Merico. Investigators agree tha.t most thick 
caliches foz:m under aggrading conditions 
interrupted by climatic reversals· which· 
cause extensive solution and redeposition 
(Frye and Leonard 1967) by utilizing roots, 
root holes, desiccation cracks, and solutional 
channels. However, inorganic and organic 

F9RMATION OF CALICHE 

Environ1ntmt.-The ideal environment for 
caliche formation is neither arid nor humid. 
Too little' water, as in the very arid desert 
regions, allows only surftcial accumulations 
of carbonate; too much water and relief 
causes regional leaching of soil solubles. 
Therefore, the local relation between pre
cipitation, temperature, runoff, a.nd relief is 
critical~ Arkley (written communication, 
1969) maintains that "one would expect ca
liche at even higher rainfalls than 25 inches 
in hotter climates, and at lower rainfalls, 
provided the precipitation . is concentrated 
in a. cool period, followed by a. dry, hot sum
mer as in·Mediterra.nean clima.tes." Thus, 
caliche formation does not really character
ize any particular climatic zone, and the 
presence of massive caliches in desert areas 
such'as the Chihuahuan or Sahara are them
selves indicative of substantial climatic 
change. 

The dissolving qf soil carbonate occurs 
because carbonic acid forms from rainwater 
and CO~ in the atmosphere and soil: 

CaCOa + H,COa - Ca(HCOa) . 

The very alkaline nature of the solution al
lows supersaturation by silica (ILSi04) in 
exchange for carbonate, which explains the 
absence of chert and opal in the upper ca
liche zones. The kinetics of silica deposition 
(i.e., the slow reaction time) also account for 
absence of amorphous silica in the upper
most, youngest caliche zones, the silica. being 
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. confined mainly to the lower (older) part of removed by eVdopo-transpiration, some un
the caliche. derlying solubles initially rising with capil-

The predominant minerals in young cali- lary w.ater. The caliche remains thin, 50ft, 
cbe are quartz and calcite, transition ~rom and incompetent due to depletion of the A
young to old caliche involving alteration of zonesolubles, the regional absence oi sig
perhaps a small percentage of quartz sand nifica.n.t moisture or, as suggested by Gile 
grains to the metastableqr amotPho1:lstypes (written,comm:unication, 1968), due to in
of silica and considera.ble· weathering of the su:fficientcarbOliate accumulation. lndura
alumincrsilicates. Thus, in young cali~he the tion occurs ~lowly, the ~eed depending 
silica/ ca1citeratio is .high due to the high niainlyon the amount of available carbonate 
percentage of sand; in mature caliche the in the overlying soil, the amount of in.51trat
ratio is Dlore equated due to the accwnula- ing water, the speed of plugging of the pro
tion of calcite and the removal of silica; and file, and whether the caliche is exposed. Ii 
in oldcaliche the ratio 4" again .highdue to thepro:file becomes plugged or tl:!.~ top of the 
deposition of amorphous silica. caliche is exposed (not necessarily without 

,Variable silica/calcite ratios in sediments a.Ily soil but with a very thin soil), rapid re
a~e determined :oiain1y by changes in tern- gional induration and formation oia la.m.inar 
perature, pressure, partiaJpressure of CO~, .z~ne .. occursithus in many areas on the 
and pH. Because the solubility and deposi- . southern High Plains unexposed Pliocene 
tiona! kinetics oLsilicaand calcite.arel'ecip- caliche,is still c:halky and incompetent, but 
roCal, partic:u1!'l.rly in r.egaicl. to temperature, exposed J>leistocene caliche is indurated. 
there is the possibility tbat.massive caliche Hawley (personal communication, 1969), 
ior,mation on the .southern High Plairis was from study of the La Mesa caliche in south-:
.caused sunplyby :ftuctUa:tion of Iegionaleastern,N ew Mexico, finds a laminar horizon 

. temperatur.e during the :Pleistocene; how- forming onCe the caliche becomes. p~~ggecl., 
.ever, as Atkley(writtencammunica.tion, Gile(written communication., J969)sug-
196Q)fltates: ~'Soilis.a,'very;complexorganic gesting that "caliche must be within a.criti
aIld mineral .material, and the.kin.eticsofcaldist.a.nee of the surface to form a IllJlrinar 
PllI'e .sili,ca ;solutions simply :do "llot .. apply:"ho&on." :Blank (written .cOlDDlunication, . 
R.a.the~, ·,there is :a critical relationship :be- 1968) -.believes 'caliche remains.-soft, because 
tween th:e-,})l:td the:in:Bltra.tiIm;ground~orthe ireguent pr~ence 'ofmois;t:ure w1llch 
wate!;, the :mi,neralogy ,or;i:he 'soil, ~aJldTe- . contributes :tosolution rather than to pre':' 
-gioDi:lhtemperatures. :A.risem "tempera.ture cipita.iionoLthe 'carbonate; however, neld 
;onlywould.have increasedthe·:s6hibilit,yofevidencesuggeststhat exposure to swficial 

\ ",;sili.G;l;callQ, .ciecreasedthe;sQlll,bili~y<ofcaiclte, JIloistu:re .ca.1lSes . induration. For instance,' 
;:proY:iaiIi.g~tl:J.epartiil?pressllre;o(c02;re'; .aJ.oJil,g±he San Pedro River in southeastern 
'.;mam.ed,-;constant~HowB¥er,;aS :tlie~gro1llld.Aiiionil,AiloCii.l ;incipient laminated, caliche 
'wa:ter:infiltrated,the calcareous soil;tbe:C02 ' '1ia5:fci:r:DiedJ -:uSually beneath only 1-2 feet ·of 

would:havebeen d(!pleted:by Ca;(HCOah ''Soi,t, onliY'wherethe greater mass of the pver-
•.. .bufier.in.gand ,the pH stahilizediaTound'8;2,;a. Jyliig ;sUrliCial·debris has been removed by 

:pCJsitionof 'very low solubilitjior ,·Silica .. For- 'erol[jion.:cif :the -river valley (V: . Haynes; per
tunateiy". the .soilsoi .the· ,southern::,lfi~h -soriaJ,-cqnimunkation, 1969); and in eastern 
Plimsi¥e rich in illite a.n.d.montinorillonite."N~;t\1e:ilcosoft·caliche occurs only where 
{P.aw1lJli:IReeves 1968.);; :thus Jiighetp:ms' .coverecf'1?y::thiCkeolian and lacustrine de
-,were'·probablycreated:byca.tion~eicha:nge " '~ts:'No~deeply 'buried laminated zone has 
whichoWmildbave ~alsoIeIeased i:beSllica. ,in' . beeri.Obseri>:ed·in the studied areas that does 
theciay-:sized inictions. 'Iidt:i;orirewhere~xhibit evidence of past ex-
-. -1Jnder~static'conditions;,sciil:;calicheforms posure. ,,,': 
where upper-ione :solubles.areci!.rrieo doWn": . :Caroonate source.-F orma.tion Elf thick ca
ward.Utd 'preCipitated when 'soil'lIloisture isliche profiles, 'suc;h as the caprock of the 
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southern High Plains, the La Mesa of the 
New Mexico and Chibuahuan Desert, Mexi
co, or the Reynosa of southeastern Texas, is 
not possible under static climatic conditions, 
a fact which is emphasized by definite zona
tions in the caliches. The only caliche that 
fails to exhibit evidence of progressive de
velopment is incipient. 

Desert loess is an important (and prob
ably predominant) source of carbonate for 
development of most thick caliche profiles, 
as indicated by the presence of such caliches 
(or marine carbonate provinces) on· the 
downwind side of the world's major deserts. 
Studies of carbonate in present eolian dust 
around Las Cruces, New Mexico, indicate 
that 16-31 tons of carbonate per surface 
acre ,may have fallen during the last 10,000 
years, some traps indicating that the amount 
may actually have been over 3,000 tons per 
surface acre (Rube 1967). However, a tbick, 
permeable, carbonate-rich sand will allow 
independent formation of a thick caliche if 
the climatic regimen fluctuates from humid 
to semiarid and if the sand does not become 
plugged near the surface. 

That thick. caliche profiles form under ag
grading soil conditions by downward perco
lation of soil water causing solution, and 
redeposition is also indicated by presence of 
ca.rbonate-rich sands under many caliches, 
radiocarbon dates (Hawley and Gile 1966; 
Rightmire 1967; Rube 1967; Valastro et al. 
1968), progressive zonation, increase with 
age and depth of the thickness of the caliche 
and the percentage of carbonate (Hawley 
and Gile 1966; Gile et a.L 1966; Rube 1967), 
presence of diagenetic quartz only in the old
est caliche zones and sand lenses separating 
caliche zones, as well as by computations of 
possible heigh t of capillary rise related to 
particle sizes of the soil. Other arguments, in 
greater detail, are provided by Aristarain 
(1962). 

Classification and process.-Caliche on 
the southern High Plains, Texas and eastern 
New Mexico, may be of Pliocene, Pleisto
cene, or Holocene age, may have fonned on 
eolian, lacustrine, or fluvial sediments of 
Pliocene, Pleistocene, or Holocene age, and 

may range in thickness from a. few inches to 
several tens of fect, Studies show that all 
such profiles have formed as part of a pedo
genic process. 

Field studies of massive c:.Lliche profiles in 
Mexico, ,New Mexico, and Texas indicate 
that all can be classified on the basis of pro
gressive development into young, mature, 
and old types, the same classification sug
gested by Price's (1933) study of the Rey
nosa caliche of southeastern Texas. Consid
erable overlap may occur, and all types need 
not be present in anyone profile; the parent 
material, depth and amount of infiltrating 
surlace water, and to some extent chrono
logical age, determine the thickness and 
zonal development of the profile. Relative 
age is not necessarily correlative with chro
nological age, but no old-type caliche of 
Holocene age was found in the investigated 
areas. 

Formation of ca.liche begins in thin soils 
of semiarid regions by evaporation of the 
intermittent bicarbonate-laden surface and 
soil moisture, slight dissolution of allogenic 
quartz, and deposition of carbonate. The 
resulting caliche is expectantly calcite unless 
the evaporating solutions are hypersaline 
(Welte 1962), although Blank and Tynes 
(1965) "found indications of aragonite in 
caliche from central Texas under conditions 
not suggestive of hypersalinity" eH. R. 
Blank, written communication, 1968). 

Young caliche (pI. 1B), which more or 
less resembles the upper part of the Gile et 
aL (1965) K1 horizon and the Stage I period 
of formation of Hawley and Gile (1966) and 
of Gile et al. (1966), is cnnnbly, may pre
serve bedding or fissility when invading un
'derlying shales, and exhibits an absence of 
'opal or chert. Color is characteristically 
'white (N9) with enclosed masses of parent 
material, there being no cementation be
tween the carbonate powder and the residual 
parent material (pl. IB). Because age influ
ences induration of the top-roost caliche by 
exposure and accumulation of carbonate ce
ment once the underlying zone is plugged, 
soil caliches which are thin, white, and in
competent are predominantly either caliches 
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whicb have not been e..-.;:posed or caliches of 
Holocene age. On the southern High Plains 
the youngest soils with young caliches are 
those fonned on lacustrine clays less than 
4,500 years old. 

Tb.~ youngest caliche in a profile also 
forms the laminated, "algal," or pisolitic 
limestone of the southern High Plains (pl. 
1C), but actual age of fonnation exceeds 
4,500 yeaI1i in locations studied. This zone is 
characteristicallYlonned by filling of hori
zontal and vertical desiccation cracks on top 
of a nodular plugged prafile (p1.1C). Indura· 
tion results from repeated long exposure 
coupled with multiple plugging, solution, 
andfedeposition. Thus, caliches that arenot 
plugged and which have not been exposed to 
surface or infiltrating moisture fail to de
velop either laminated or pisolitic zones. 

Once calcareous powder or young caliche 
exists, further infiltrating water produces 
solution and redeposition of carbonate in the 
form of small nodules separated by incom
petent young caliche and blocks or .zones of 
parent material, the whole profile being 

"honeycombed" if exposed. This ('pI. LD), 
the late youth to early mature stage, corre
sponds to Stage II of Gile et al. (1966). 

The mature caliche profile (Stage III of 
Hawley and Gile 1966) is characterized by a 
profusion of nodules, either 'large or small 
(pI. lD), cemented by competent carbonate 
but with sporadic blocks or lenses of parent 
materiaL In some areas, horizontal stringers 
of Garbonate( termed "horizontal transloca
tions" by W. Armstrong Price {letter to 
H. R. Blank. 1966]) separate remaining zones 
of. parent material. 

Caliche of the late mature stage is char
acterized by considerable cementation of 
nodules and an almostcornplete absence of 
parent material, the zone corresponding to 
the plugged horizon of Gile et al. (1966) 
which forms at the end of Stage m. Any 
original bedding, structure, or texture :is dif
:ficult to :find, and expansion structures 
("pseudoanticlines" or teepee structures) 
may have formed (pI. 2A). Nodules tend to 
be larger and harder in the upper part of the 
zone than those in the lower part (pL 2B), 

l'I.An l.-A,TbePliocime"ca.prock:".c:a1ich.e esc:aIJlment of centml Crosby County, Tc::z::a.:.. View to the 
-south. B, Younger imma.turellolocene ca.liCheiorm.i:ng in lacustrine sands in Terry County, -Tens. Nodules, 
where present,:are sn::uill withmost of the caJ.ichebeing a soft and crumbly c:a.lcareoi.Is powder. C,'Plugging of 
the upper part of the mature zone and exposure of the caliche has produced a young mUltiple lamina ted zone. 
Noticethe.gratlationirom loose .caxbonate nodules.at the base_oillie thin soil (film pa.clt) to the tightly 
cemented nodules in the underlying la.min.a.ted horizon. Location 'Hockley County, Texas. D, Exposure of 
the typica1_caxbonate noduledevelopmentcha.mcteristicof the lower part of the young and the upper part 
of the mature ca.lichezone in sands. Location Hockley County, Texas. 

PLA'XE 2.-A, CaliChe anticline in thekte mature zone of Plio=e caliche,southea.stem Lubbock County. 
Texas •. ;N otice the nodules. This t:aliche has invaded underlying OgaIW.a ·sands. :B, A young 1a.nrina.ted zone 
formed-on:theupperpa.rt of .thenodular maturM:one.The pseudobedding is created by formation of hori
=taLbuckleccra.cks. Notice theincrea.semnodulesize from the lower to the upper part ofthe:ma.turezone~ 
Loc:a.tionnorthea.stemHbckleyCounty, Te:xas. C, Caliche formed on lacustrine claye of NebraSkan age, 
Lubbock. County, Texas. Notice the pseudobedding inherited from the clays. The caliche is indurated due
to exposure. 

PLATE 3.-A, An ~jection .anticline .inearly =tU:re caliche formed on .interbedded lacustrine clays and 
sands of Nebraskanagt: in central Lubbock County, Texas. B, 'Section of young caliche from asurlicia.1 
'multiple lamina.tedzoneIramHock.ley 'County, Texas. The sequence recorded in this section is; (1) forma.tian 
of :young ·powdery caliChe; (2) solution, redeposition, and formation of nodules; (3) deposition of several 
thin layers of ca.rbonatearoundthenodules; (4) exposure causing-horizontal and vertical fracturing of the 
caliche; (5) depositionofva.dosesilt .and .caxbonatc in the fra.cturesand -on the undersides of the nodules; 
and (6) present exposure due to quarrying. C, Solution .and filling in La. Mesa caliche, southern New Mexico. 
The .older void has been:filled with sand and caliche fragments, thincalicbc lenses deveJopingon top of the 
iiTI-(pick). A large,youngersolution cavity preparing to collapse-is to the left. D, Section of young caliche 
from a simpleJamina.ted zondormed on top a! the complex laminatec:l zone illustrated in 3B. Notice evidence 
·of ·the repeated movement of water alonghorizontaliractures (buckle cracks). 
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cementation starting effectively to plug the 
profile and allowing fo=ation of the lami
nated zone at the top of the profile (pI. 2B). 
Lower parts of the profile may exhibit 
tightly cemented zones of small nodules, the 
cementing groundmass being either dia
genetic quartz or carbonate. 

Hawley and Gile (1966) recognized late 
mature caliche in southeastern New Mexico 
but did not suggest a separate stage, instead 
going directly from their Stage III (mature) 
to Stage IV (old). However, Stage IV ca-

A. B. 

meable, infiltrating waters will finail y reach 
the base of the profile, the downward migra
tion of the water increasing the size of the 
calcareous nodules in the lower part of the 
profile (fig. 1A). In time, diagenetic quartz 
in the form of opal or chalcedony will be 
deposited which plugs the profile, causes the 
nodules in the upper part of the mature zone 
to enlarge, and eventually allows formation 
of the laminated zone a.t the top of the pro
file. However, if the mature zone becomes 
plugged too quickly, no old caliche zone can 

FIG. l.-Diagramatic cross sections of the three most common massive caliche profiles, southern High 
Plains, Texas. A, The profile developed by plugging of the caliche from the bottom up, but with infiltration 
still taking place. B, The profile developed by plugging in the top of the mature zone, no present iniiltration 
taking place. C, The end result of caliche formation in an area where plugging has progressed from the 
bottom of the profile to the top, no present infiltration taking place. Laminated zone may be simple or com
plex. S = soil, L = laminated zone, N = nodular zone, DC = diagenetic quartz zone, T = transition zone, 
Y = young caliche, M = mature caliche, 0 = old caliche. 

liche was divided in to three separate units: 
an upper laminated, a middle plugged layer, 
and a lower transitional layer. Field studies 
indicate that considerable time is needed for 
development of the three zones; therefore, 
separate recognition of the late mature pe
riod of formation seems justi:ti.ed. 

Old caliche, the Stage IV of Hawley and 
Gile (1966) that is in an advanced stage of 
development is distinguished by a flinty, 
siliceous zone at the bottom of the profile. 
The development of old caliche depends on 
permeability of the mature zone as well as 
age. If the mature zone tends to stay per-

form at the base of the profile, and there 
remains a gradational change from large 
nodules near the surface to the basal transi
tional zone (fig. 1B). Plugging of the upper 
mature zone allows fonnation of larger 
nodules near the surface, the large nodules 
forming before the laminated zone. Thus, a 
normal sequential profile of young laminated 
caliche with underlying mature nodular ca
liche, which is in turn underlain by old 
siliceous caliche, results from long, deep in
filtration and plugging of the profile from 
the bottom up (fig. 1e). 

luthough no diagenetic quartz was found 

':"'~;:'""",=::'·-""1.rr:;,,!!-,f' <. G: 
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in the upper parts of caliche on the southern zons formed in sandy parent material in 
High Plains, silica precipitation has occurred sou them New M e:xi.co. 
in Fresno soil caJiches in the San Joaquin Formation of caliche on preexisting car
valley, Ca.lifornia (R; J. A.n.kley,written bonates has not occurred often on the l3outh
comm,unication, 1969). Such occurrences ern High Plains except in local areas of 
may be due to removal of overlying debris or lacustrine carbonate deposition or where 
enrichment by alkaline debris which, at one Cretaceous Edwards Liinestone is exposed. 
time, allowed an abnormally high pH in the Other areas where the Edwards is covered 
surficial waters; however, Hawley (written by a iew feet of soilshow evidence oLslight 
'commi:mication, 1969) reports siliceoUs zones carbonate accumulation at the top of the 
in the southern New Mexico area occurring bedrock-the "calichifying" observed by 
only in 'Ivery complex profiles associated Blank and Tynes (1965) on the Edwards 
with old geomorphic surfaces." Limestone in central Texas. This prOCess, 

The lowermost part of a massive. caliche due to downward leaching or upward move
profile,the transitional zone,'corisistsmainly ment of carbonate, is also pedogenic. 
of an incompetent to competent mirtute of St1'uctun:s.--The structures 9J)oradically 
smalV 'carbonate nodules or powder and found. in most massive caliche profiles (pI. 
parent miiterial (the K3 horizon of Gile et 2A) hayebeen studied by several investiga
a:l.1965). This zone, which contains the old- tors (Price 1925, 1933;,] enDings and Sweet
est carbonate in the profile, is a remnant oI' ing 1961; Blank and Tynes 1965). Price 
the original Coasoil zone, now deeply buried (1925) thought,- "pseudoanticlines" formed 
and' preserved from excessive 'in:fi1tration, when "caliche impregnates shale strata and 
resolution, and redeposition by the over- the bedding and joint planes of limestone 
lying caliche. Thus, ca.liclie in the transition and sandstone," the anticlines being essen
.zone resembles ·the young type at the ·top of tially expansion-contraction phenomeI;la due 
. the profile, although lamination '. is • never to" altemateswelling of clays .... when wet 
present. and the contraction when medin hot sun 

:ForInation,:of calicheongraveI develops ... shouldEFoduce wavy structures ,that 
somewhat difIer.entlyfrom formation on thefiaggylimestones would not Iesist suc
sands :and clays, but this .hasselaom 00- cessf1ill.y~'. (W., Armstrong Price, written 
curredohthesouthemHigh Plains. Investi- communication, 196~) .13arnes (1946), work
gatorsip:~~Z:ested in ±hisaspectshouldreier ing ·with; 'caliChe structures southeast .of 
to the,e:x:celientdiscussionsbyGileet al. Junction, Texas, suspected collapse due to 
(1966) and Hawley andGile (1966). removal of th~ underlying Kirschberg,gyp-

Inftucnce::'df 6earock.-on .the '.southern sum. -layer; howeVer, . Blank. and T:,ynes 
High :.P~)'.undei~:v.it\g ~bearock.associated {196S); ':stuc\Ylngthe:same $tru.ctures, 'sug-

'cwitb (c!l:lithe'iformation ,appi::eciablyaffectedgested ~eXpanSion du,e :to hydration'cifan-' 
'dev~pinettt'/\Qf ,;the 'profile,,::Fine:'beaded "hydritdollowedby removal of the gypsum, 
lacuStrlneday.stend to impart·bedding.to .B1ank (written, communication, 1968) now 
the.caliGb.e (pt 2C) and'to reStrict in:fi:ltra-believing·the structures antedate the caliche. 
tion;thuibedding; aD absence of carbona.te Jennings andSweeti:qg (.1961), studyirlg ca.,.. 
nodules, .ana rapid foI'Il:Uitiori of an upper liche struCtures 'in Western Australia,sug
lalilin'atedzone-are .characteristicof .calichegested ;:that the ::struct:ures resulted .from 

.,.:formeo on,rlays ,or Shales(pL .2C:). '0.n1:he .arching in :1inlestorie'dueto the -calicheior-
;otlrer:hand,.caJic:hejormed on either laGUS- mation. . 

, .:trine .orfeolian :sands'characteristicilly ·con-There "are undoubtedly several different 
·,tains'car-bonate 'nodules :(pl. 'lD) .. after the types .ofstr:uctures.found in1hickcaliche 
youthful phase iUldremainsopen' to infiltra- profiles, some fonned ,by expansion ':or-con
tio:q. E:oV\>:~ver, iGile{1961,) • .md.Gile!Jt ,al. ir.actionduetoyariousreaSons,somefonnetl 
(l966};<futd;multiple lal:iiinar TK2m)hori- :by ;solutioIl'ima settling, some even being 
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structures which antedate formation of the 
caliche. However, large caliche structures 
are not typical of caliche profiles and repre
sent very local effects, whereas sma.ll expan
sion structures do seem to be typical. 

Most small structures I studied formed 
by e;rpansion of the entire caliche profile due 
to severe climatic alterations which caused 
drying, fracturing, buckling, and subsequent 
filling of resultant voids, much lIS described 
for individual boulders by Young (1964). 
Some of these structures, usually those with 
the smallest, tightest folds, fonned on inter
bedded lacustrine clay and sand; thus much 
of the expansion may have been due to a 
bentonitic content of the clays. A structure 
caused by injection of underlying, swelling 
clays (pi. 3A) into overlying sands is natu
rally different from a structure caused by 
growth of the carbonate zone (pI. 2A), the 
predominant effect of formation and filling 
of "buckle cracks" being obvious in all ex
pansion structures as a pseudobedding. 

The horizontal contraction cracks, or 
buckle cracks, are caused by the bowing and 
buckling of beds or lenses of sediment due to 
water loss. Buckle cracks were first discov
ered beneath the dry desiccating playas of 
pluvial Lake Palomas, Chihuahua, Mexico 
(Reeves 1965), during examination of deep 
hand-dug water wells but have now been 
recognized in other playa sediments and in 
nearly every indurated caliche profile ex
amined. Sizes range from fractions of an inch 
in height and width in caliche to several 
inches "in height and several feet in length 
beneath playas; depths range to at least 10 
feet beneath the playas. The pseudosheeting 
commonly found on weathered caliche pro
files suggests that the fonnation of buckle 
cracks is characteristic of the weathering 
process on caliche. 

The effects of fracturing, infiltration by 
vadose water, and redeposition in fractures 
is best illustrated by oriented sawed sections 
of caliche. Plate 3B illustrates the volumet
ric increase which has occurred in a sur:ficial 
complex laminated zone. When this occurs 
on a large scale, the volUmetric increase 
seeks release in expansion structures. How-

1.4 0:10 

ever, if this increllSe occurs along the edges 
of a canyon, the caliche spills off by pseudo
sheeting, and expansiOll structures may not 
fann. 

Other caliche structures may be residual 
from preexisting rocks, which may be the 
case for some of those studied by Jennings 
and Sweeting (1961). Such structures, al
though not found by me in the investigated 
area, would probably erlribit continuous, 
parallel bedding. 

S truc~ures due to "removal of gypsum 
(Blank and" Tynes 1965) or due to other 
types of solution and collapse are not nu
merous in massive caliche profiles. Collapse 
structures due to solution tend to occur as 
singular synclines or holes in the caliche 
lined with drips tone and :filled with caliche 
rubble (pl. 3C). In the filled synclines bed
ding is indistinct within the structure but 
distinguishable around or over the structure 
(pI. 3C). 

Aristarain (1962) suggests that the type 
of structures that fOIm in caliche is the 
combined result of the parent sediments, 
amount of carbonate, the vegetation, the 
climatic environment, and the time or ex
tent of caliche formation. 

GEOLOGIC BISTOR"Y 

The Pliocene Ogallala Group of the south
ern High Plains consists of gravels, silts, and 
sands, the percentage of silty calcareous 
sands increasing upward. Studies in New 
Mexico and West Texas indicate that the end 
of Pliocene time, and until the first Pleisto
cene glaciation, was locally marked by semi
arid conditions. During this time, interdunal 
lakes and rivers crossing the Plains dried, 
and large lakes in the closed valleys of New 
Mexico experienced desiccation a.nd defla
tion, the calcareous-rich loess falling across 
the West Texas area. Penecontemporaneous 
intermittent moist intervals and normal sea
sonal variations then fonned the first soil 
caliches on top of" the Ogallala. 

By the beginning of Nebraska.n time the 
upper part of the Ogallala sands probably 
contained several feet of young caliche and 
locally some indurated mature caliche, as 
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indicated by caliche gravels in the Nebras
kan lacustrine sections. The major pedogen
ic effect of the first Pleistocene pluvial,' and 
probably of each succeeding pluvial, was the 
dissolving of carbpna.te and deep permeation 
of the bicarbonate-rich water into the Ogal
lala. On permeation the ground water, by 
cation exchange with soil clays, experienced 
a rise in pH which caused deposition of car
bonate. and solution of silica from the clay 
fraction. Thus, to generalize, wet periods 
were times of calcite solution followed at 
depth by calcite deposition and silica solu
tion. Dry periods were m.a.inly times of loess 
accumulation and perhaps deposi,tion of 
silica near the base of the caliche profile. 

Originally the base of the ca.prock c.a.liche 
was determined by the N ebraskanpluvial, 
the fust extensive period when deep infiltra
tion, solution, and redeposition of carbonate 
in the upper part of the Ogallala. sand oc
. curred; thus the lower parts of the caliche 
'may contaiucarbonate nodules that have 

. failed to develop'past the late youth or·early 
.ma.turestage. In some areas, nodular mature 
caliche became 'plugged to infiltrating water 
atteriormation -of a lower ,old:flinty caliche 
zone, but in other .areas plugging .took place 
before the old lli.nty caliche developed. Both 
occurrences have caused -extensivedissolu
tion .and redeposition .of carbonate byverti
cally and la:tera1ly·movingwa.ter,resnlting 
inform.a.tionof a Simple (pl. 3D)ormultiple 
(pL :3B)lan:iinatedzoneovermuchof the 
southern RighPlains. 'Simple hminated 
zones (pI. 3D) may form either above the 
complex laminated zone or above plugged 
caliche of any age. 

.Massive calichesinpresentdesert 'areas, 
like the well-known dry stream channels:and 
'Widespread lacustrine features and sedi
ments, 'are "evidence of severe climatic 
changes even though the present extent of 
pedocal soils is ·approximately 'marked by . 
the2Sinchesperyear rainfall .line. Once.a 
massivecalic:b.e 'forms it is difficult to de
stroy 'by. only irrfiltrating ground water be
cause of the protection provip.ed by soil 'and 
-vegetatioI;l, underlying .impermeable strata, 

and plugged horizons, the Reynosa caliche 
of southeastern Texas being a good case in 
point. If the caliche also has a laminated 
horizon and occurs in an area of little relief, 
permanency is further assured, 

CONCLUSIONS 

Massive caliches form op thick calcare
ous-rich sands or on aggrading surfaces of 
desert loess in geographic areas subjected to 
geologica.lly short-lived climatic reversals. 
Because of progressive development with 
age due to exposure, dissolution, and re
deposition of both carbonate and silica, 
young, mature, and old types of caliche can 
be recognized. 

Radiocarbon dates, calculations of pos
sible capillary rise of ground water, geo
graphic locations, and the thickness and 
percentage of carbonate increasing with age 
and depth (at least through the mature 
zone) illustrate thatthefon:nation of thick 
caliche profiles like the caprockof the south
em Righ Plains is the result of an aggrada
tional, pedogenic process utilizing down
ward and laterally moving ground water. 

Small caliche ;structures are fanned by 
e:x:pansiondue to crystal growth ana ex
posurewhich iormshorizontaland vertical 
deSiccation cracks, the horizontal type being 
temied "buckle cracks." Subsequent :filling 
of the desiccation . cracks by vadose silt, 
ciay,and.sand prevents collapse _and insures 
the permanentmcrease in pro£1evolume. c 

Structures produced by this method are true 
expansion structures and exhibit nonparallel 
bedding. Structures formed by solution and 
collapse, or by .the injection and swelling of 
bentonitic lacustrine clays, also occur, the' 
injection-type structures tending to be the 
largeSt type. In some areas residual struc
tures in the caliche may exist, particularly 
where the pro:file represents preexisting car
bonates. 
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8tate& County QuickFacts 

Midland (c,ity), Texas 

. People QuickF:acts 

Population, 2006 estimate 

Population, percent change, April 1, 2000 to July 1, 2006 

Population, 2000 

Persons under 5 years old, percent, 2000 

Persons under 18 years old, percent, 2000 

Persons 65 years old and over, percent, 2000 

Female persons, percent, 2000 

White persons, percent, 2000 (a) 

Black persons, percent, 2000 (a) 

American Indian and Alaska Native persons, percent, 2000 (a) 

Asian persons, percent, 2000 (a) 

Native Hawaiian and Other Pacific Islander, percent, 2000 (a) 

Per~ons reportingtw~or rnoreraces, percent, 2000 

Persons of Hispanic or Latino. origin, percent, 2000 (b) 

. "Midland Texas 

102,073 23,507,783 

6.9% 12.7% 

94,996 20,851,820 

7.5% 7.8% 

29.9% '28.2% 

12.3% 9.9% 

52.0% 50.4% 

75.5% 71.0% 

8.4% 11.5% 

0.6% 0.6% 

1.0% 2.7% 

Z 0.1% 

2.0% 2.5% 

29.0% 32.0% 
................................................................................................................. _ ............. __ ........................................................................................ _ .... _ .................................................................... -_ ........................................................................................... _ ....... .. 

Living in same house. in 1995 and 2000, pct5 yrs old & over 

Foreign born persons, percent, 20~~ 

Language other than English spoken at home, pct age 5+, 2000 

High school graduates, percent of persons age 25+,2000 

Bachelor's degree or higher, pct of persons age 25+, 2000 
. . ..... . 

Mean travel time to work (minutes), workers age 16+, 2000 

Housing units~,"~~,~O. 
Homeownership rate, 2000 

Median value of owner-occupied housing units, 2000 

Households, 2000 

Persons per household, 2000 

Median household income, 1999 

Per capita money income, 1999 

Persons below poverty, percent, 1999 . 

Business QuickFacts 

Wholesale trade sales, 2002 ($1000) 

Retail sales, 2002 ($1000) 

Retail sales per capita, 2002 

Accommodation and food services sales, 2002 ($1000) 

Total number of firms, 2002 

Black-owned firms, percent, 2002 -. P'1.S'JOO1. 

http://quickfacts.census.gov/qfd/states/48/4848072.html 

52.9% 

7.5% 

25.4% 

80.6% 

27.2% 

17.2 

39,855 

66.1% 

$72,500 

35,674 

2.62 

$39,320 

$20,884 

12.9% 

Midland 

709,393 

1,219,093 

$12,709 

164,121 

12,851 

2.0% 

49.6% 

13.9% 

31.2% 

75.7% 

23.2% 

25.4 

8,157,575 

63.8% 

$82,500 

7,393,354 

2.74 

$39,927 

$19,617 

15.4% 

Texas 

397,405,111 

228,694,755 

$10,528 

29,914,774 

1,734,509 

5.1% 



American Indian and Alaska Native owned firms, percent, 2002 

Asian-owned firms, percent, 2002 

Hispanic-owned firms, percent, 2002 

Native Hawaiian and Other Pacific Islander owned firms, percent, 2002 

Women-owned firms, percent, 2002 

Geography QuickFacts 

Land area, 2000 (square miles) 

Persons per square mile, 2000 

FIPS Code 

Counties 

(a) Includes persons reporting only one race. 
(b) Hispanics may be of any race, so also are included in applicable race categories. 

D: Suppressed to avoid disclosure of confidential information 
F: Fewer than 100 firms 
FN: Footnote on this item for this area in place of data 
NA: Not available 
S: Suppressed; does not meet publication standards 
X: Not applicable 
Z: Value greater than zero but less than half unit of measure shown 

S 

2.2% 

13.5% 

F 

23.5% 

Midland 

66 

1,426.2 

48072 

0.9% 

4.5% 

18.4% 

0.1% 

27.0% 

Texas 

261,797 

79.6 

48 

Source U.S. Census Bureau: State and County QuickFacts. Data derived from Population Estimates, 2000 Census of Population and 
Housing, 1990 Census of Population and Housing, Small Area Income and Poverty Estimates, County Business Patterns, 2002 Economic 
Census, Minority- and Women-Owned Business, Building Permits, Consolidated Federal Funds Report, Census of Governments 
Last Revised: Tuesday, 05-May-2009 08:36:51 EDT 

.:15 002 
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Housing 
Winning with a Full House ... 

Increased property values, more single-family 

housing communities, coupled with new 

multi-family developments-Midland 

continues to win with a full house. 

Midland's population, 104,765, is experiencing healthy growth at 2% 

over last year. At the same time, in 2008, the City of Midland issued 

482 residential construction permits. This is an increase of 182% over 

the past five years. 

Good economic times have increased the need for housing in Midland, 

and not just housing, bur affordable housing. The City dealt a hand 

that developers could not resist by initiating a program offering rebates 

to builders who are willing to construct quality affordable housing in the 

$80,000 - $160,000 range. With the help of community partners, the 

City is also encouraging rehabilitation projects of existing homes to help 

meet the needs of the community. 

In addition, Midland welcomed three new 

apartment complexes, collectively offering 

600 units. One more apartment complex 

is under construction and will offer another 

200 plus units. City leaders are also recog

nizing the need for condominium style 

living in downtown as well as the rest of 

the city. 

Midland is now playing with a full deck when it comes to recruiting 

events and tourists. Three hotels opened their doors in 2008, with four 

other hotel projects permitted and construction planned for 2009. 

150006 
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III 
Econom· c D velopment 
Upping the Ante ... 
In 2008, Midland saw continued confidence in the oil and gas industry. 

Crude hit $140 a barrel, sales tax revenues climbed to an all-time-high, 

and Midland boasted the lowest unemployment rate in the state. As a 

result, the City of Midland is placing priority on upping the ante for 

continued economic infrastructure and development. 

Today's strong and robust economy has diversification at the heart of 

Midland's mission. With an economy based in oil and gas, bringing new 

industry to Midland is the focus. 

Downtown is prepared for new industry as revitalization moves forward. 

In 2008, a number of unoccupied, unusable, office buildings were 

demolished, including an implosion of the old Midland Savings Building. 

Hundreds of Midlanders gathered to celebrate as downtown moved into 

the future. Several other projects are planned for 2009, making way for 

much needed parking structures, downtown living, green space, and new 

development. A new website, www.livemidlandtexas.com. was launched 

representing what is LIVE in downtown Midland, Texas-including a 

24-hour live camera. 

The City of Midland tops the list of Best Cities to Do Business. Inc.com's 

2008 list ranks Midland as #1 in overall cities as well as #1 in the small 

cities category. 1he rating takes into consideration recent growth trends, 

employment data, educational and health services, retail and wholesale 

trade, transportation, utilities, leisure, hospitality, and government. 

The Milken Institute ranked Midland as 

number one for best performing small cities 

in 2008 because of the City's rapid job and 

salary growth. 

Meanwhile, realizing its place at the table, 

Midland International Airport developed 

an aggressive plan to retain and recruit air 

carriers, particularly those traveling to the west. 

1S0007 



Funding 
Reaching for the Jackpot ... 
It was a record breaking year for Midland's 

economy. During these healthy times, leaders 

have not lost sight of their dedication to 

providing efficient, quality services now and 

into the future . This vision is realized with the implementation of the 

strategies accomplished through fiscally responsible policies in budgeting 

revenues and expenditures. 

Review of all revenue sources includes conducting a comparative fee 

schedule to examine all General and Enterprise htnd fees. The review 

will measure what Midland charges for services as compared to other 

cities and entities. TIle study was approved in 2008 with results and 

recommendations implemented during the 2009-2010 Budget process. 

2009 BUDGETED 
REVENUES - $159,143,585 

• Gener:11 

II Golf Course 

Sanil ,lIi o n 

• "irporr 

Spons 
Complex 

G :1r:1ge 

Wa re!" 
& Sewer 

HOlel/ Mo lC1 

Il1tc:n:~ t 
& Sinking 

2009 BUDGETED 
EXPENSES - $167,374,477 

TIle City's employees are its most important 

resource. Recognizing this, the City Council 

approved a salary market adjustment for all 

employees. The move helps the City remain 

competitive in tight labor market. Secured state 

and federal grants are helping to provide needed 

equipment for both fire and police. 

Midland's economic outlook is good. Sales tax 

revenues for FY2008 increased 13%, or nearly 

$3,000,000. Midland has reported increased 

sales tax revenues for more than 60 consecutive 

months. Property valuations continue to 

increase, allowing for the actual property tax 

rate to decrease by 4.51 cents per $100 

valuation, an 8.4% reduction in the actual rate. 

Midland's population has been growing steadily 

with the number of utility connections and 

annexations creating revenues to help meet the 

demands of a growing city. 

1.50008 



Quick Facts 
Population: 

Area: 

Location: 

Weather: 

City Property Tax Rate: 
Average Price of a Home: 

Median Age: 

Median Household Income: 

Ethnicity Percent:* 

Transportation: 

Top Five Employers: 

104,765 (est. 2008) 

Square Miles 68.98 

West Texas-Midway between 
Dallas/Fort Worth and El Paso along 
Interstate 20 

March/71 0; June/93° 
Septemberl86°; December/58° 

48.59/per $100 valuation 
$171,500 

Male - 32.6 
Female - 36.1 

$46,976 

White - 75.1 % 
Hispanic - 34.2% 
Black - 6.7% 
Asian/Pacific Islander - 1.0% 

3 Major Airlines 
Interstate 20 
State Highway 349 
East/West Rail Line - Union Pacific 
Mass Transit Bus System 

Basic Energy Services (4,915) 
Midland Independent School 
District (2,887) 
Warren Equipment Companies (2,023) 
Midland Memorial Hospital (1,645) 
Endeavor (1,500) 

" j hese figures aoo lip to more rhan 100% on ,his lisr 
because Hispani c and Larino Americans are distributed 
among all the races and are also listed as an eth nicity 
category, resulting in a double counr. 
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82 41531696 72917 Restructure Petro Marketinq Svcs 

63 41531889 73063 JUAN DURAN 

64 41537759 79006 RaYford Calhoun 

85 41537932 79349 Lee Glover 

86 41536126 79262 BRAD HAWLEY 

87 41540889 82143 GREG FROST 

88 41540896 82152 LARRY STROUD 

89 41541708 83027 Hunt Oil 

90 41543254 84663 Pat Leary 

91 41543295 84675 Pat Leary 

92 41543906 85181 Kelly Beal 

93 41543907 85182 Kelly Beal 

94 41546871 88441 Fender Investment Group 

95 41546876 88446 Kelly Beal 

96 41549035 90432 Leroy Ledford 

97 41552198 93738 RD. Bryan Construction 

98 41552255 93767 EDWIN McKINLEY 

99 41552300 93783 LOUIS OLIVAS 

100 41552345 93666 Allen & Lucchi 

101 41553451 95027 A. T. N. L ATTN: Don Hoffman 

102 41553456 95032 A. T. N. L ATTN: Don Hoffman 

103 41553658 95018 A. 1. N. L ATTN: Don Hoffman 

104 41553659 95019 A. T. N. L ATTN, DonHoffman 

105 41553661 95021 A. T. N. LATIN: Don Hoffman 

106 41556023 97623 Area Custom Builders 

107 41557529 98951 EDWARD MESA 

108 41559928 101486 Area Wide 8uilders 

109 41559936 101494 Area Wide Builders 

110 41565363 107047 Area Custom Builders 

111 41568918 110674 Neal Kessler 

112 41570091 111889 David Guillermo 

113 41570132 111901 David Guillermo 

114 41572679 114410 Vince Ochoa 

115 41576905 118821 Danny Shutt 

116 41581753 123687 Gary Austin 

117 41585329 127392 Jesus Orteqa 

118 41585765 127821 Almand Conslruction 

119 41589795 131953 OmarRuiz 

120 41589796 131954 OmarRuiz 

121 41589797 131955 OmarRuiz 

122 41589798 131956 Omar Ruiz 

123 41590454 132588 Ovidio Ramos 

1308 N Lemesa Roa 
Midland d Midland 79701 

Midland WC.R 135 MIDLAND 79706 

Midland 6100 SCR 1210 Midland 79706 

Midland 3503 SCR 1210 Midland 79706 
GREENW 

Ector CR 1040 000 79702 

Midland 3912 C.R1185 MIDLAND 79706 

Midland SAME MIDLAND 79706 

Upton RD. 160 NIA 

Midland Off Rankin Hwy, Midland 

Midland Off Rankin HlYYc Midland 
Fairgrounds RD. & H 

Midland _wy. 307 Midland 79706 
Fairgrounds RD. & H 

Midlandwy.307 Midland 79706 

Midland 2709 SCR 1207 Midland 79706 

Midland 

Midland 

Midland 

Midland 

Midland 

Midland 

Fairgrounds RD & H 
. wy307 Midland 79706 

207 ECR 140 Midland 79706 

6300 W. 1-20 Midland 79703 

1612 W. CR. 135 MIDLAND 79701 

1910 CR125 MIDLAND 79703 
N. side of 1-20 -

1/2 M W. Of Loop 2 
50 Midland 79703 

ThU, 8 Dec 2005 
00:00:00 

Sun: 30 Oct 2005 
00:00:00 

Thu, 2 Mar 2006 
00:00:00 

Thu, 9 Feb 2006 
00:00:00 

Tue, 7 Mar 2006 
00:00:00 

Fri, 10 Mar 2006 
00:00:00 

Wed, 5 Apr 2006 
00:00:00 

Sat, 13 May 2006 
00:00:00 

Sat, 17 Apr 2004 
00:00:00 

Sun, 18 Apr 2004 
00:00:00 

Tue, 16 May 2006 
00:00:00 

Thu, 25 May 2006 
00:00:00 

Man, 5 Jun 2006 
00:00,00 

Tue, 23 May 2006 
00:00:00 

Tue, 1 Aug 2006 
00:00:00 

Thu, 14 Sep 2006 
00:00:00 

Sat, 12 Aug 2006 
00:00:00 

Sat, 12 Aug 2006 
00:00:00 

Thu, 7 Sep 2006 
00:00:00 

OateofWeU 
'Completion' :' ,'.. ., 

Fri, 6 Del 2006 
Midland 5801 W Industrial Midland 79706 00:00:00 

Wed, 11 Del 2006 
Midland 5801 W Industrial Midland 79706 00:00:00 

Man, 9 Oct 2006 
Midland 5801 W. Industrial Midland 79706 00:00:00 

Thu, 5 Oct 2006 
Midland 5801 W Industrial Midland 79706 00:00:00 

Man, 9 Oct 2006 
Midland 5801 W. Industrial Midland 79706 00:00:00 

Thu, 9 Nov 2006 
Midland Midland 00:00:00 

Sat, 15 Jul 2006 
Midland SAME MIDLAND 79706 00:00:00 

Wed, 13 Dec 2006 
Ector Midland 00:00:00 

Midland 

N.E.ComerofS. CR 
Midland 1200 & W CR 140 Midland 

3101Bankhead Hwy 
Midland Midland 

Midland CR120 Midland 

Midland 3506 South Hwv 349 Midland 

Midland 1905 W. CR 137 Midland 

Midland 612 ECR 130 Midland 

Midland 3504 S CR 1206 Midland 

Ector 4306 WCR 115 Odessa 

Midland 3605 WCR 145 Midland 

Midland CR 125&CR 1195 Midland 

Midland CR 125 & CR 1195 Midland 

Midland CR 125 & CR 1195 Midland 

Midland CR 125 & CR 1195 Midland 
3000 South County 

Midland Road 1200 Midland 

20 

79701 

79706 

79706 

79706 

79707 

79707 

79707 

79703 

79703 

79703 

79703 

79706 

Man, 11 Dec 2006 
00:00:00 

Fri, 16 Mar 2007 
00:00:00 

Fri, 9 Mar 2007 
00:00:00 

Wed, 14 Mar 2007 
. 00:00:00 

Sun, 11 Mar 2007 
00:00:00 

Fri,27 Apr2007 
00:00:00 

Wed, 4 Jul 2007 
00:00:00 

Sa!, 11 Aug 2007 
00:00:00 

Man, 20 Feb 2006 
00:00:00 

Tue, 30 Oct 2007 
00:00:00 

Man, 22 Oct 2007 
00:00:00 

Wed, 24 Oct 2007 
00:00:00 

Fri, 7 Dec 2007 
00:00:00 

Fri, 7 Dec 2007 
00:00:00 

Man, 21 Jan 2008 
00:00:00 

no Industrial 320043 1020407 

no Irrigation 315617 1020220 

no Domestic 315442 1020528 

no Domestic 315657 1020604 

no Domestic 315602 1020348 

no Domestic 315705 1020319 

no Irrigation 315707 1020620 

no Industrial 315714 1020634 

no Domestic 315616 1020346 

no Domesnc 315616 1020346 

no Domestic 315932 1020210 

no Domestic 315928 1020210 

no Domestic 315744 1020601 

no Domestic 315922 1020210 

no Domestic 315550 1020329 

no Industrial 315700 1020915 

no Domestic 315608 1020436 

no Domestic 315641 1020446 

no Industrial 315646 1020910 

Ul1de.w~ .'. 
ble Water WuljType 
Quall!ji 

Latitude Longitude 
i:' ...••. 

no Domestic 315727 1020845 

no Domestic 315724 1020844 

no DomeStic 315726 1020846 

no Dbmestic 315727 1020845 

no Domestic 315726 1020846 

no Domestic 315533 1020430 

no DomeStic 315722 1020414 

no Domestic 315534 1020436 

nb Domestic 315534 1020436 

no Domestic 315532 1020437 

no Domestic 315905 1020621 

no Domestic 315717 1020433 

no Domestic 315724 1020411 
Rig Suppl 

no y 315549 1020423 

no Domestic 315641 1020312 

no Domestic 315701 1020546 

no Domestic 315720 1020702 
Rig Suppl 

no y 315446 1020544 

no Domestic 315657 1020435 

no Domestic 315656 1020438 

no Domestic 315606 1020436 

no Domestic 315657 1020436 

no Domestic 315736 1020520 



Wed, 6 Feb 2008 
124 41593746 135951 Midland ISO Midland 3500 Neelev Midland 79707 00:00:00 no Irrioation 320053 1020744 

Tue, 19 Feb 2008 
125 41593932 136051 A.T.N.!. Attn: D. Hoffman Midland Midland 00:00:00 no Domestic 315631 1020605 

. .. ,. : . £1~C()de Undeslra 
ReG OBJECT 

Tracking 
WeUOwner County WslIAddr.esa Well City 

Date of Well 
hie Watar WeUType Latitude Longitude 

Number Completion 
......... 

• 

. ..... , Quality 

Tue, 25 Jan 2005 
126 41594159 136443 Jesus Barrera Midland SCR 1202 Midland 00:00:00 no Domestic 315750 1020527 

Man, 24 Jan 2005 
127 41594172 136456 Alicia Barraza Midland 4901 SCR 1178 Midland 00:00:00 no DomestiC 315631 1020236 

Thu, 1 May 2008 
128 41598915 141117 MARK HARRELL Midland 2400 E.C.R 113 MIDLAND 79705 00:00:00 no Domestic 315823 1020237 

Sun, 6 Apr 2008 
129 41599451 141780 Tom's Water Well Midland 2411 WCR 142 Midland 00:00:00 no Domestic 315513 1020458 

Tue, 8 Apr 2008 
130 41599503 141766 Tom's Water Well Midland 2411 WCR 142 Midland 00:00:00 no Domestic 315513 1020458 

Tue, 1 Apr 2008 
131 41599523 141795 R & W Construction Ector 8822 Heather Lane Odessa 00:00:00 no Domestic 315607 1020245 

Wed, 14 May 2008 
132 41599680 141939 Fiberod Midland 1-20 Service Road Midland 00:00:00 no DomestiC 315646 1020912 

Thu, 17 Apr 2008 
133 41599689 141948 Tom's Water Well Midland rogers Ford Midland 79706 00:00:00 no Domestic 315845 1020743 

Tue, 10 Jun 2008 
134 41602271 144643 JOHN STEWARD Midland HWY349 MIDLAND 79706 00:00:00 no Domestic 315654 1020353 

Mon, 23 Jun 2008 
135 41602565 144980 Henry Gonzales Midland 2101 WCR 150 Midland 79706 00:00:00 no Domestic 315443 1020410 

Tue, 27 May 2008 
136 41604361 146847 Ben Rios Midland 606 E. Co. Rd. 132 Midland 79706 00:00:00 no Domestic 315632 1020314 

Wed, 16 Jul 2008 
137 41604453 146806 Integrity Industries Midland 6313 W. C.R. 112 Midland 00:00:00 no Domestic 315653 1020910 

South of West Loop Tue, 24 Jun 2008 
138 41604781 147139 Darta Vuelta1Ken Huseman) Midland 250 and 1-20 Midland 79706 00:00:00 no Stock 315542 1020730 

South of West Loop Wed, 25 Jun 2008 
139 41604783 147141 Darla Vuelta (Ken Huseman) Midland 250 and 1-20 Midland 79706 00:00:00 no Stock 315630 1020807 

South of West Loop Fri, 27 Jun 2008 
140 41604785 147143 Darla Vuelta (Ken Huseman) Midland 250 and 1-20 Midland 79706 00:00:00 no Stock 315544 1020729 

40 yds E of FM 715 
& 375 yds N of CR 1 Wed, 7 May 2008 

141 41609033 151451 Schull, Jo Ann Midland 30 Midland 00:00:00 no Irrigation 315657 1020148 
E. CR 127 & S. CR 1 Wed, 27 Aug 2008 

142 41609349 151776 Steve Taylor Midland 184 Midland 79706 00:00:00 no Domestic 315658 1020318 
127 yds. E of FM 71 
5 & 500 yds. S of CR Tue, 6 May 2008 

143 41609543 151954 Schull, Jo Ann Midland 130 Midland 00:00:00 no Irrigation 315655 1020144 
Wed, 9 Jul 2008 

144 41609688 152141 Chad Chastain Midland 3414 Bedford Ave Midland 79703 00:00:00 no Domestic 315959 1020725 
Thu, 30 Oct 2008 Rig Suppl 

145 41616550 159083 DAVID GUILLERMO Midland 1305 ECR 130 MIDLAND 79706 00:00:00 no y 315655 1020235 
Man, 27 Jun 2005 

146 41617207 159799 Olivia Fierro Midland 5800 SCR 1210 Midland 00:00:00 no Domestic 315505 1020532 
Thu, 14 Jul2005 

147 41617235 159744 Luis Oldias Midland 125 & Cottonflat Midland 00:00:00 no Domestic 315653 1020444 
1606 N, Scerboroug Thu, 9 Jun 2005 

148 41617315 159766 George Sosa Midland h Midland 00:00:00 no Domestic 320045 1020553 
Thu, 9 Jun 2005 

149 41617317 159768 Aaron Garcia Midland 3407 SCR 1204 Midland 00:00:00 no Domestic 315711 1020528 
Tue, 27 Sep 2005 

150 41618323 160838 Heartland Equipment Co. Midland 1700 Dayton Rd Midland 79706 00:00:00 no Domestic 315801 1020446 

I .. ,,~~~~~"'.' .. ' 
IW911clI\( 

.: .. 
I •. ·~at~.dtweu Unde%;ra 

!Weii'ype 

............•.. 

Rec OBJECT 
Tracking 

WellOwocr County Wd!,.., 

Qi COde 
i>I"Water Latitude ~ingitude Number !........: .• ':' ""'>'':'' ...... Quality , ...... .. ' ...... . i·" 

Mon, 1 Aug 2005 
151 41618655 161096 Leonardo Natividad Midland 4902 S CR 1172 Midland 00:00:00 no Domestic 315843 1020205 

Fri, 5 Aug 2005 
152 41618924 161133 Connie Noland Midland 1406 W CR 143 Midland 00:00:00 no Domestic 315528 1020354 

Fri, 5 Aug 2005 
153 41618927 161136 Robert Marquez Midland 2707 WCR 140 Midland 00:00:00 no Domestic 315524 1020502 

Tue, 13 Sep 2005 
154 41618933 161142 Jose Luis Hernandez Midland Cottonftat Midland 00:00:00 no Domestic 315541 1020433 

Sun, 15 Aug 2004 
155 41620299 162743 Joseph Luchini Midland CR 135 Midland 00:00:00 no Domestic 315542 1020506 

Sat, 14 Aug 2004 
156 41620302 162747 Tom's Water Well Midland 600 E CR 132 Midland 00:00:00 no Domestic 315632 1020313 

Fri, 20 Aug 2004 
157 41620348 162765 Marco Garcia Midland 4100WCR 115 Midland 00:00:00 no Domestic 315716 1020651 

Mon, 13 Sep 2004 
158 41620604 162789 Tom's Water Well Midland S CR 1218 Midland 00:00:00 no Domestic 315710 1020653 

Thu, 16 Sep 2004 
159 41620609 162794 Elise Barton Midland 4800 S. Hwv 349 Midland 00:00:00 no Domestic 315617 1020353 

Tue, 23 Dec 2008 
160 41621533 164121 Mike Perkins Midland 2205 Carter Midland 79701 00:00:00 no Domestic 315854 1020536 

Fri, 11 Nov 2005 
161 41623226 165830 Delmar Carrasco Midland 3116 S CR 1193 Midland 00:00:00 no Domestic 315734 1020446 

Thu, 10 Nov 2005 
162 41623228 165832 James Shepard Midland 1804 Bates Midland 00:00:00 no Domestic 320011 1020837 

Thu, 29 Sep 2005 
163 41623286 165861 Antomas Flores Midland 2909 W. CR 115 Midland 00:00:00 no Domestic 315732 1020554 

20 



Thu, 29 Sep 2005 
164 41623287 165862 Antomas Flores Midland 2909W CR 115 Midland 00:00:00 no Domestic 315748 1020553 

Fri, 16 Sep 2005 
165 41623325 165871 Tom's Watelwell Midland CR 127 Midland 00:00:00 no Domestic 315716 1020234 

Tue, 21 Dec 2004 
166 41625557 168127 Erica Valdez Midland 1501 W CR 117 Midland 00:00:00 no Domestic 315731 1020444 

Thu, 2 Dec 2004 
167 41625566 168136 Roman Leyva Midland 5109 S CR 1172 Midland 00:00:00 no Domestic 315625 1020158 

Tue, 30 Nov 2004 
168 41625567 168137 Eddie Helbert Midland 5906 W HWV80 Midland 00:00:00 no Domestic 315729 1020913 

Tue, 9 Nov 2004 
169 41625570 168140 luis Sanchez Midland 2908 S CR 1213 Midland 00:00:00 no Domestic 315725 1020632 

3905 S. Co, Rd, 121 Sat, 31 Jan 2009 
170 41626745 169384 Jesse Villegas Midland 0 Midland 79706 00:00:00 no Domestic 315636 1020557 

Thu, 12 Feb 2009 
171 41627043 169706 DARRELL CRASS Midland 4632 PRINCETON MIDLAND 79703 00:00:00 no Inrigation 315951 1020837 

Tue, 20 Jan 2009 
172 41627812 170431 Double A Builders Midland 5605 SCR 1213 Midland 00:00:00 no Domestic 315515 1020551 

Thu, 12 Mar 2009 
173 41628301 170949 Robert Savage Midland 4705 S. CR 1172 Midland 79706 00:00:00 no Domestic 315651 1020204 

Thu, 19 Feb 2009 
174 41628708 171272 Luan, Ruben Ector 165 Sir Barton Odessa 79763 00:00:00 no Domestic 315711 1020305 

Man, 23 Feb 2009 
175 41628836 171285 Esquibel, Delores Midland 3115 SCR 1217 Midland 00:00:00 no Domestic 315731 1020650 

•..... 

I (j" ~:I>;,' ~eu .... ' .• .~~\I:~itY • zlr:id~de 
•... ·· .. oate of W~II Undeslra 

Latltuu:e 

. ... 

OBJECT Tr~cklng County bte Water Well Type Longitude 
Number I .' ..."?::VWIl"c. . ........ , S~rflpletion .... : ...... I ." QualitY '." . 

Tue, 24 Mar 2009 
176 41629663 172360 Eddie Elliott Midland 4601 W.I-20 Midland 00:00:00 no Domestic 315721 1020735 

Thu, 3 Jun 2004 
177 41629750 172433 Roberto lozaya Midland 1721 S Mineola Midland 00:00:00 no Domestic 315853 1020352 

Mon, 14 Jun 2004 
178 41629900 172526 Tom's Water Well Midland W CR 135 Midland 00:00:00 no Domestic 315547 1020511 

Wed, 21 Jul2004 
179 41629962 172573 Gregorio Salqado Midland 3019 S CR 1196 Midland 00:00:00 no Domestic 315736 1020457 

Fri, 23 Jul 2004 
180 41629963 172574 Johnny Bustamante Midland 1700 WCR 150 Midland 00:00:00 no Domestic 315449 1020405 

Thu, 22Jul 2004 
181 41629974 172585 Tom's Water Well Midland 1000 Denton Midland 00:00:00 no Domestic 315950 1020729 

2400 South loop 25 Man, 9 Mar 2009 
182 41630074 172778 E. E, & G, Company Midland 0 Midland 79704 00:00:00 no Domestic 315721 1020845 

Wed, 25 May 2005 
183 41631349 174030 David Garcia Midland 3018SCR 1197 Midland 00:00:00 no Domestic 315736 1020504 

Wed, 25 May 2005 
184 41631351 174032 David Garcia Midland 3018 SCR 1197 Midland 00:00:00 no Domestic 315736 1020504 

4500 W, Cutihbert Av Wed, 15 Apr 2009 
185 41632458 175083 Andy Dalager Midland e. Midland 79703 00:00:00 no Domestic 315942 1020816 

Thu, 16 Apr 2009 
186 41632786 175414 Jim Gamer Midland 3110 Travis Ave Midland 79701 00:00:00 no Domestic 315910 1020636 

Mon, 10 Oct 2005 
187 41637547 180303 Bobby Marguez Midland 5130 SCR 1183 Midland 00:00:00 no Domestic 315610 1020250 

Sun, 2 Jul 2006 
188 41637659 180434 Morgan Dulin Midland SCR 114 & 1192 Midland 00:00:00 no Domestic 315726 1020446 

Sun, 2 Jul 2006 
189 41637660 180435 Morgan Dulin Midland SCR 114 & 1192 Midland 00:00:00 no Domestic 315756 1020446 

Tue, 18 Jul 2006 
190 41637665 180440 Tom's Water Well Midland E CR 119 Midland 00:00:00 no Domestic 315740 1020326 

Tue, 18 Jul2006 
191 41637695 180441 Tom's Water Well Midland E CR 119 Midland 00:00:00 no Domestic 315740 1020326 

Mon, 24 Jul2006 
192 41637722 180468 Tom's Water Well Midland 4209 S CR 1175 Midtand 00:00:00 no Domestic 315634 1020218 

Sat, 22 Jul 2006 
193 41637828 180487 Joe Eads Midland 3510 CR 1198 Midland 00:00:00 no Domestic 315713 1020453 

Wed, 7 Jun 2006 
194 41643992 186762 Jose Marquez Midland 801 ECR 133 Midland 00:00:00 no Domestic 315631 1020256 

Thu, 8 Jun 2006 
195 41643995 186765 Bobby Richardson Midland 301 ECR 137 Midland 79706 00:00:00 no Domestic 315600 1020325 

Thu, 8 Jun 2006 
196 41643996 186766 Morgan Dublin Midland SCR 114 & 1192 Midland 00:00:00 no Domestic 315752 1020447 

Wed, 7 Jun 2006 
197 41543998 186768 Jaime Grimaldo Midland 1306 ECR 132 Midland 00:00:00 no Domestic 315643 1020235 

Tue, 6 Jun 2006 
198 41644073 186706 Tom's Water Well Midland Raykin Midland 00:00:00 no Domestic 315603 1020338 

Fri, 23 Jun 2006 
199 41644075 186708 Tom's Water Well Midland WCR 135 Midland 00:00:00 no Domestic 315605 1020413 

Thu, 24 Jun 2004 '"" I"~' I '"'~ Tom's Water Well Midland 

~ 
Midland 00:00:00 no Domestic 315721 

I '='"; '.' ...... . .......... '. ··;,.i1 :1.Irl .. 'I {, 

~ I<w ,'> !,~euc;:r iT" I~~ 
'J :~~~{ude ::E~7~"· 

:1.;' '''2'1' ....... ······r: .... \ 
1 . .fIP CQo.;. I .. :R~;!;;' ") Type 

201 41644209 187071 Luis Marrufo, Jr. Midland B09 ECR 133 Midland 00:00:00 no Domestic 315632 1020257 
Sat, 25 Sep 2004 

202 41644289 187044 Tom's Water Well Midtand 418 B N Midland Midland 00:00:00 no Domestic 315931 1020754 
Tue, 31 Aug 2004 

203 41644372 187271 Rov Brookshire Midland 601 E CR 135 Midland 79706 00:00:00 no Domestic 315619 1020322 
Fri, 19 Jun 2009 

204 41644783 187633 Joe Dale Price Midland 3503 S, CR 1210 Midland 00:00:00 no Domestic 315644 1020603 

20 00'7 



South of West Loop 
~5 41645608 188328 Dana Vuelta (Ken Huseman) Midland 250 & 1-20 Midland 79706 

206 41646264 189063 BLAIN SLATION Midland 5700 SH 349 S MIDLAND 79701 

207 41646361 189103 MAGDA GONZALES Midland 1504 WCR 121 MIDLAND 79706 

208 41646636 189218 Gordon Jarman Midland 1302 CR 138 Midland 79706 

209 41647754 190617 Chanes Roberts Midland Sec 27 WCR 150 Midland 79706 

210 41648169 191056 Midland Monossori School Midland 1006 Austin SI. Midland 79701 
4701 South County 

211 41649700 192572 GreQ Kitchens Midiand Rd 1180 Midland 79706 

2J2 41651786 194627 Gary Goodman Midland 3805 SCR 1185 Midland 79706 
3811 South County 

213 41652568 195457 Jeff Neelv Midland Road 1 198 Midland 79706 

214 41455517 199723 Tom's Water Well Midland 1414 ECR 130 Midland 

2.15 41455570 199747 Marshall Pearcy Midland 1406 WCR 150 Midland 

212 41455993 200172 Jesus Chavez Midland 4711 SCR 1180 Midland 

217 41457014 201292 Penguinn Refrigeration Midland 948 Advance Midland 

218 41457037 201246 Gracie Valles Midland 4710 S CR 1185 Midland 

219 41457042 201251 Toms Water Well Midland 1001 E CR 127 Midland 

220 41457062 201271 Toms Water Well Midland 3501 S CR Midland 

221 41457064 201273 Mike Benavides Ector 407 Dobbs Odessa 

222 41457066 201275 Mike Rodriguez Midland 3806 S. Rankin Hwy Midland 

223 41457667 201677 Abelardo Duane Midland 1414 Wayside Midland 

Wed, 17 Jun 2009 
00:00:00 

Wed, 15 Ju12009 
00:00:00 

Fri, 24 Jul 2009 
00:00:00 

Tue, 21 Jul 2009 
00:00:00 

Thu, 2 Jul 2009 
00:00:00 

Sat, 22 Aug 2009 
00:00:00 

Fri, 24 Jul 2009 
00:00:00 

Man, 20 Sep 2004 
00:00:00 

Fri, 2 Oct 2009 
00:00:00 

Sun, 17 Apr 2005 
00:00:00 

Man, 25 Apr 2005 
00:00:00 

Tue, 15 Feb 2005 
00:00:00 

Wed, 28 Dec 2005 
00:00:00 

Fri, 18 Nov 2005 
00:00:00 

Sun, 13 Nov 2005 
00:00:00 

Man, 12 Dec 2005 
00:00:00 

Tue, 13 Dec 2005 
00:00:00 

Mon, 19 Dec 2005 
00:00:00 

Fri, 1 Dec 2006 
00:00:00· 

Too, 28 Dec 2006 

no Domestic 315632 1020723 

no Irrigation 315526 1020331 

no Domestic 315712 1020443 

ho Domestic 315549 1020358 

no Domestic 315454 1020347 

no Irriaation 315958 1020709 

no Domestic 315639 1020248 

no Domestic 315710 1020318 

no Domestic 315655 1020445 

no Domestic 315553 1020259 

no Domestic 315454 1020347 

no Domestic 315637 1020243 

no Domestic 315852 1020605 

no Domestic 315628 1020317 

no Domestic 315711 1020256 

no Domestic 315636 1020805 

no Domestic 315636 1020805 

no Domestic 315636 1020805 

no Domestic 315907 1020331 

224 41457668 201678 Onofre Midland 203 ECRl19 Midland . 00:00:00 no Domestic 315656 1020411 
Wed, 27 Dec 2006 

225 41457670 201680 Tom's Water WeH Midland 3303 SCR 1215 Midland 00:00:00 no Domestic 315704 1020635 

226 
Tue, 15 Aug 2006 

2.27 41457681 201691 Juan Esquivel Midland 943 N Ft Worth Midland 00:00:00 no Domestic 320035 1020415 
Tue, 2 Mar 2004 

228 41457783 201963 Pedro Vega Midland 2000 W CR 120 Midland 00:00:00 no Domestic 315720 1020502 
Fri, 19 Mar 2004 

229 41457661 201983 Mark Garciaroiz Midland 3612 S CR 1182 Midland 00:00:00 no Domestic 315725 1020320 
Tue, 23 Mar 2004 

230 41457867 201989 Monte Scott Midland 4501 W. Industrtal . Midland 00:00:00 no Domestic 315802 1020738 
Wed, 10 Dec 2003 

231 41457963 202169 Jim Warner Midland 3007 SCR 1200 Odessa 00:00:00 no Domestic 315737 1020515 
Thu, 20 Nov 2003 

£32 41458012 202189 Joe Garcia Midland 1901 WCR 117 Midland 00:00:00 no Domestic 315728 1020500 
Wed, 5 Nov 2003 

2.33 41458035 202296 Maria CresDo Midland 4802 FM 715 Midland 00:00:00 no Domestic 315650 1020152 
Tue, 11 Nov 2003 

£34 41458154 202292 Daniel Rodriauez Midland 1600 ECR 135 Midland 00:00:00 no DomestiC 315631 1020213 
Fri, 22 Jun 2007 

41458807 202935 Claudio Lu'an Midland SCR 1206 Midland 79701 00:00:00 no Domestic 315709 1020552 

~ 41458814 202942 Tom's Water Well 

237 41459521 203741 Tom's Water Well 

238 41459852 204105 Chase Chastain 

239 41460058 560 Eddie Edge 

240 41460064 530 CMS Oil and Gas 

241 41460088 561 Rudy Granado 

24Z 41460136 455 Tommy Walls 

243 41460233 465 Vanderlinden Dairy_ 

244 41460295 625 Juan Villanueva 

245 41460508 816 Benito Jurado 

246 41460509 817 Benito Jurado 

'197 41461009 1597 Eddie Edae 

Midland ECR 140 

Midland CR 135 

Midland CR145 

Midland 

Midland 

Midland 79706 

Sat, 27 Jan 2007 
00:00:00 

Sst 6 Jan 2007 
00:00:00 

Mon, 4 Jan 2010 
00:00:00 

Tue, 13 Mar 2001 
Midland 1213 WCR 125 Midland 79706 00:00:00 

2115 Warehouse Rd Sat, 17 Feb 2001 
Midland Midland 79703 00:00:00 

Tue, 20 Feb 2001 
Midland 3103 SCR 1195 Midland 79706 00:00:00 

Fri, 5 Jan 2001 
Midland 3311 SCR 1215 Midland 79706 00:00:00 

Man, 8 Jan 2001 
Midland 3208 WCR 124 Midland 79706 00:00:00 

Wed, 21 Feb 2001 
Midland 3105 SCR 1194 Midland 79706 00:00:00 

Man, 23 Apr 2001 
Midland SCR 125 Midland 79706 00:00:00 

Tue, 24 Apr 2001 
Midland SCR 125 Midland 79706 00:00:00 

Tue, 3 Jul2001 
Midland 1213 WCR 125 Midland 79706 00:00:00 

20 OOP 

no Domestic 315553 1020255 

no Domestic 315653 1020240 

no Domestic 315450 1020553 

no Domestic 315657 1020411 

no Industrial 315755 1020654 

no Domestic 315733 1020451 

no Domestic 315657 1020634 

no Domestic 315619 1020526 

no Domestic 315735 102044B 

no Domestic 315655 1020432 

no Domsstic 315654 1020434 

no Domestic 315657 1020407 



20 009 



W= Withdraw! of water (domestic or irrigation) 
T=Testwell 
p= Oil orGas 
Water Use Codes 
H=Domestic 
S= Stock 
p= Public Supply 
U= Unused 
1= Irrigation 
N= Industrial 

20 010 
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